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-^Changes  of  longitudinal-wave  velocity  (Vl),  porosity,  and 
Q,  together  with  optical  and  scanning  electron  microscopic  obser- 
vations, demonstrate  unequivocally  that  appreciable  thermal  crack- 
ing occurs  during  slow  thermal  cycling  of  Sioux  Quartzite.  Ther- 
mal ly-induced  cracks  develop  primarily  along  grain  boundaries  and 
secondarily  as  intragranular  cracks.  Intragranular  cracks  are 
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preferentially  oriented  ano  a^jpear  to  be  influenced  by  thtri)re- 
heating  residual  strain  state  locked-in  the  rock. 

Acoustic  emission  reveals  that  thermal  cracking  occurs  only 
upon  exceeding  a threshold  ,t^perature,  which  for  the  Sioux 
Quartzite  ranges  between  200°'C  and  250®C.  Thermal  cracking  in- 
creases progressively  with  increasing  temperature,  with  the  larg- 
est fraction  of  cracking  occurring  prior  to  the  a-6  transition 
of  quartz  (573*C).  In  the  temperature  interval  200-573*‘C,  Vl  de- 
creases 40"  and  porosity  increases  130%;  new  porosity  is  associ- 
ated with  low  aspect-ratio  cracks.  Fracture  intensifies  during 
the  a-S  transition  as  reflected  by  an  abrupt  decrease  in  Vl,  a 
rapid  porosity  increase  and  intense  acoustic  emission.  Above 
573^,  thermal  cracking  continues  but  at  a reduced  rate.  Poro- 
sity continues  to  increase  but  is  associated  primarily  with  high 
aspect-ratio  cracks.  Cooling  induces  little  additional  structur- 
al damage.^ 

Subtl^'inicrostructure  differences  measurably  affect  the 
threshold  temperature  of  thermal  cracking  and  the  degree  of  ther- 
mal cracking  occurring  during  a thermal  cycle.  Grain-size  dif- 
ferences appear  io  be  responsible. 

Acoustic  emi§Nsion  has  proven  to  be  a valuable  source  of  in- 
formation. Most  significantly,  acoustic  emission  activity  is  ob- 
served to  be  very  similar  amongst  Sioux  Quartzite  samples  sub- 
jected to  the  same  thermal  conditions.  In  general,  upon  exceed- 
ing the  threshold  temperature,  emission  increases  progressively, 
attains  a maximum  (between  280°C  and  400°C)  and  then  decreases, 
commonly  abruptly;  a second  larger  maximum  occurs  between  570°C 
and  59Q°C,  coincident  with  the  a-6  transition. 

Thermal  cracking  of  Sioux  Quartzite  is  directly  attributable 
to  the  marked  thermal -expansion  anisotropy  of  quartz,  but  also 
important  is  the  temperature  dependence  of  its  elastic  moduli, 
especially  at  and  above  the  a-e  transition.  A first  order  calcu- 
lation indicates  that  intergranular  thermal  stresses  increase 
with  increasing  temperature,  with  an  abrupt,  large  increase  at 
the  a-6. 

Q has  not  proven  to  be  a sensitive  indicator  of  microstruc- 
ture changes,  especially  for  room-dry  samples  in  which  the  effect 
of  small  amounts  of  water  overshadows  that  due  to  small  micro- 
structure changes.  Q of  a fully-saturated  sample  does,  however, 
display  a systematic  decrease  with  increasing  thermal  cycle  tem- 
perature and  appears  to  be  in  accord  with  Biot's  mechanism  of  at- 
tenuation in  a fluid-saturated,  porous  elastic  solid.  Change  of 
Q of  room-dry,  thermally-cycled  samples  is  less  systematic,  but 
notably,  Q increases  for  samples  heated  above  550®C.  Vi  is  a 
sensitive  indicator  of  microstructure  changes,  especially  of  new 
low  aspect-ratio  cracks;  however,  it  is  sensitive  also  to  the 
degree  of  saturation  of  the  sample.  ' ~ — 
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INTRODUCTION 


Thermal  cracking  of  rock  results  from  the  combined  effects  of  tem- 
perature changes  and  temperature  gradients.  Temperature  gradients  give 
rise  to  thermal  stresses  because  differing  thermal  expan  ons  or  contrac- 
tions of  the  various  parts  of  the  rock  body  generally  cannot  proceed 
freely  without  creating  imcompatible  strains  within  the  rock.  In  a simi- 
lar manner,  a temperature  change  results  in  thermal  stresses  but  as  a con- 
sequence of  the  rock’s  inhomogeneity  at  the  grain-size  scale.  In  this 
case,  highly  inhomogeneous  and  discontinuous,  intergranular  stresses 
arise  due  to  constraint  of  differing  thermal  expansions  or  contractions 
of  neighboring  mineral  grains.  The  tendency  for  differing  expansions 
and  contractions  results  primarily  from  differences  in  the  thermal  ex- 
pansion coefficients  of  adjacent  mineral  grains  or  anisotropy  of  the  co- 
efficients, but  volume  changes  related  to  polymorphic  transformations 
(e.g.,  a-quartz  to  3-quartz)  or  mineral  alterations  (e.g.  , dehydration 
and  dissociation)  also  can  make  important  contributions. 

A number  of  experimental  studies  entailing  the  uniform  heating  of 
rock  (Ide,  1937;  Somerton  and  others,  1964;  Barbish  and  Gardner,  1969; 
Perami , 1971;  Wang  and  others,  1971;  Todd  and  others,  1972;  Richter  and 
Simmons,  1974;  Simmons  and  Cooper,  in  press)  have  demonstrated  convinc- 
ingly that  intergranular  thermal  stresses  can  locally  exceed  the  fracture 
strength  of  rock.  These  same  studipc  further  show  that  the  resulting 
microcracks,  which  are  usually  of  grain-size  dimensions  or  smaller, 
irreversibly  alter  the  physical  properties  of  the  rock;  most  notably, 
elastic  moduli  and  fracture  strength  decrease  and  porosity  and  permeability 
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increase.  In  addition,  fracture  toughness  and  thermal  expansion  and  dif- 
fusivity  coefficients  appear  to  change.  Consequently,  when  attempts  are 
made  to  analyze  the  development  of  thermal  cracking  during  non-uniform 
heating  or  cooling  of  rock,  it  is  imperative  that  the  effects  of  tempera- 
ture-gradient thermal  stresses  and  intergranular  thermal  stresses  be  in- 
corporated. As  implied  by  Hasselman  (1969)  the  effects  of  the  intergran- 
ular stresses  and  the  resulting  microcracks  need  not  be  small  and  may,  in 
a number  of  ways,  significantly  affect  the  propagation  of  macrocracks  in- 
duced by  the  tempera ture-graident  thermal  stresses.  Nevertheless,  it  is 
not  surprising  that  such  an  incorporation  is  not  often  attempted.  The 
analysis  becomes  more  complicated,  but  probably  more  importantly  our 
quantitative  understanding  of  thermal  crack  generation  during  a uniform 
temperature  change  is  still  in  its  developmental  stage. 

It  is  our  opinion  that  the  first  phase  of  a systematic  study  of  the 
thermal  cracking  of  rock  should  address  the  problem  of  microcrack  forma- 
tion in  a uniform  temperature  field.  Therefore,  our  investigation  has 
concentrated  on  studying  experimentally  and  observational ly  the  develop- 
ment of  microcracks  in  rock  subjected  to  slow,  uniform  temperature  changes 
and  evaluating  how  the  thermally-induced  microcracks  affect  the  physical 
properties  of  the  rock.  It  should  be  emphasized  that  these  first  studies 
are  essential  if  we  are  to  distinguish  the  relative  roles  of  absolute 
temperature  and  temperature  gradients  upon  the  thermal  cracking  of  rock 
under  conditions  of  non-uniform  heating  or  cooling. 

In  our  experiments,  a cylindrical  specimen  of  Sioux  Quartzite  is 
slowly  heated  2°C/m1n)  unconfined  to  a specified  temperature  between 
20-900“C  and  then  slowly  cooled  (^2°C/min)  to  room  temperature.  During 
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the  thermal  cycle,  acoustic  emissions  are  monitored  continuously  as  a 
means  of  providing  a record  of  microcracking  activity  as  a function  of 
temperature.  In  order  to  obtain  quantitative  measures  of  microstructural 
changes  induced  in  the  rock,  the  longitudinal-wave  velocity  (V^^)  and  the 
quality  factor,  Q (the  inverse  of  wave  attenuation),  are  measured  prior 
to  and  after  a thermal  cycle.  The  longitudinal-wave  velocity  has  been 
shown  to  be  an  especially  sensitive  indicator  of  microcracks  (provided 
the  rock  is  dry),  and  thus  provides  a means  of  detecting  subtle  micro- 
structure changes  (Thill  and  others,  1969;  Nur  and  Simmons,  1969;  Tourenq 
and  others,  1971).  Q has  proved  useful  as  an  indicator  of  microstructure 
changes  in  other  studies  (Gordon  and  Davis,  1968;  Kuszyk  and  Bradt,  1973; 
Coppola  and  Bradt,  1973),  but  our  studies  and  others  (Barbish  and  Gardner, 
1969;  Warren,  1973)  indicate  that  Q is  more  sensitive  to  small  changes  in 
the  water  content  of  the  sample  than  to  small  microstructure  changes. 
Nevertheless  Q does  provide  a measure  of  microstructure  changes,  but  its 
sensitivity  to  changes  is  less  than  originally  anticipated.  Changes  in 
V|^  and  Q provide  indirect,  but  quantitative  measures  of  microcrack  develop- 
ment as  a function  of  the  maximum  thermal-cycle  temperature,  which  can 
then  be  compared  to  petrofabric  observations  and  measurements  made  on  thin 
and  polished  sections  studied  by  optical  and  scanning  electron  microscopy. 
Ultimately  the  specimens  will  be  tested  to  determine  how  compressive  and 
tensile  strengths,  permeability  and  fracture  energy  vary  with  changes  in 
the  microstructure  of  the  rock. 

Several  other  aspects  of  thermal  cracking  are  explored  in  a prelimi- 
nary fashion.  For  comparison  with  unconfined  thermal  cycling,  several 
specimens  have  been  subjected  to  50  MPa  confining  pressure  and  thermally 
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cycled  to  400°C.  In  addition,  a series  of  thermal -shock  experiments  are 
performed  for  the  purpose  of  comparing  microcrack  development  under  tran- 
sient thermal  conditions  with  that  occurring  during  slow  heating  and  cool- 
ing. 

Our  experimental  program  is  similar  to  previous  studies,  yet  differs 
both  in  manner  of  execution  and  philosophy  in  several  significant  ways. 
Although  we  too  are  studying  how  a uniform  temperature  change  affects  the 
physical  properties  of  rock,  our  immediate  purpose  is  to  better  understand 
how  thermal ly-induced  microcracks  develop  and  determine  what  parameters 
afftict  their  development.  Ultimately  we  hope  our  experimental  studies 
will  let  us  develop  a theoretical  model  of  the  fracture  process.  From 
this  viewpoint,  we  make  use  of  changes  of  certain  physical  properties 
as  an  aid  to  infer  the  changes  in  the  microstructure  of  the  rock.  The 
monitoring  of  acoustic  emissions  has  only  been  used  in  one  previous  study 
and  in  that  instance  300°C  was  the  maximum  temperature  attained  (see 
Richter  and  Simmons,  1974).  The  acoustic  emission  data  provides  a dif- 
ferent and  more  direct  indication  of  microcrack  development  and  promises 
to  play  a key  role  in  improving  our  understanding  of  thermal  cracking. 

Materials  and  Procedures 


Description  of  Rock 

The  Sioux  Quartzite  is  one  of  the  eight  rock  types  in  the  U.S. 

Bureau  of  Mines  standard  rock  suite  for  rapid  excavation.  Specimens 
utilized  in  this  study  are  taken  from  the  same  block  of  Sioux  Quartzite 
used  by  Friedman  and  Bur  (1974)  in  their  investigation  of  the  relations 
among  residual  strain,  fabric,  fracture,  and  ultrasonic  attenuation  and 
velocity  (see  reprint  Appendix  A).  Physical  properties  of  Sioux  Quartzite 
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as  published  by  Krech  and  others  (1974)  and  summarized  in  Table  1,  are 
representative  of  those  of  our  study  block.  The  X,  Y,  Z coordinate  sys- 
tem utilized  in  the  previous  study  has  been  maintained  in  the  present 
study,  and  all  samples  (19  mm  in  diameter  by  40-70  mm  long)  are  cored 
parallel  to  Y,  i.e.,  the  core  axes  are  parallel  to  bedding,  the  XY  plane. 

■’’he  Sioux  Quartzite  (known  commercially  as  Jasper  quartzite)  is  a 
low  porosity  (0.2  - 0.4%),  fine-grained  (ca.  0.5  mm)  sedimentary  rock 
composed  predominantly  (>  99%)  of  tightly-packed,  subrounded  to  rounded 
quartz  sand  grains  cemented  by  quartz  overgrowths.  Petrofabric  studies 
(Friedman  and  Bur,  1974)  indicate  that;  (1)  the  long  axes  of  elongate 
grains  (long/short  > 2.0)  are  essentially  parallel  to  the  long  grain 
boundaries  and  are  oriented  statistically  parallel  to  the  bedding  (XY) 
and  YZ  planes,  (2)  the  c-axes  of  individual  grains  are  randomly  oriented, 
(3)  intragranular,  healed  microfractures  are  essentially  randomly  oriented, 
and  (4)  quartz  deformation  lamellae  are  preferentially  oriented  so  that 
they  tend  to  lie  at  angles  less  than  30°  to  the  bedding  plane.  Details 
of  gram-boundary  cracks  are  discussed  in  a subsequent  section.  X-ray 
diffraction  measurements  indicate  the  samples  contain  a residual -strain 
state  which  is  characterized  by  the  greatest  elongation  (100  x 10'^)  ori- 
ented subparallel  to  X,  the  intermediate  principal  axis  (5  x 10  ^)  sub- 
parallel to  Y,  and  the  least  elongation  (-85  x 10’^,  a compressive  strain), 
subparallel  to  Z. 

The  Sioux  Quartzite  is  mechanically  homogeneous  but  displays  a mea- 
surable degree  of  anisotropy.  Measurements  of  the  bar  velocity  of  samples 
cored  (all  parallel  to  Y-axis)  from  various  parts  of  the  block  average 
4.84  km/sec  with  a standard  deviation  of  2.7%,  and  a significant  fraction 
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fable  1.  Physical  Properties  of  Sioux  Quartzite 


Property 

Krech  and  others 
mean 

(1974)^ 

3 

cv 

2 

Current  study 

Porosity  

. % 

0.14 

37.9 

0.20  - 0.36 

Permeability  

. p m/sec 

A 

X 

o 

1 

-- 

— 

Den  5 i ty 

. lO^kg/m^ 

2.64 

0.1 

2.634  + 0.008 

Shore  hardness  

• 

101 

2.4 

— 

Compressive  strength  . . . . 

. MPa 

505 

8.7 

— 

Compressive  Young's  modulus  . 

. GPa 

56.4 

8.2 

— 

Tensile  strength  

. MPa 

10.8 

18.1 

— 

Tensile  Young's  modulus  . . . 

. GPa 

27.9 

23.7 

— 

Bar  velocity 

. km/sec 

4.63 

3.5 

4.84  + 0.13 

Torsional  velocity  

. km/ sec 

3.43 

2.1 

— 

4 

Dynamic  Young's  modulus  . . . 

. GPa 

56.8 

6.0 

69.9  - 55.0 

4 

Dynamic  shear  modulus  . . . . 

. GPa 

31.1 

4.3 

— 

Poisson's  ratio^ 

• 

0.138 

23.3 

— 

1.  specimen  axis  parallel  to  Z-axis 

2.  specimen  axis  parallel  to  Y-axis 

3.  coefficient  of  variation,  percent 

4.  calculation  is  based  on  the  assumption  of  isotropy 


of  the  deviation  appears  to  result  from  very  small  differences  in  the 
water  content  of  the  samples.  Measurements  of  compressional -wave  velo- 
cities in  various  directions  in  a neighboring  block  (Krech  and  others, 
1974)  reveal  that  the  rock  has  an  orthorhombic  elastic  symmetry  with 
the  minimum  velocity  (4.9  - 5.0  km/sec)  parallel  to  Z,  the  intermediate 
velocity  ('  5.35  km/sec)  20  - 30°  clockwise  from  Y in  the  XY  plane  and 
the  axis  of  maximum  velocity  (>  5.4  km/sec)  20  - 30°  clockwise  from  X. 
This  10%  velocity  anisotropy  is  interpreted  to  be  related  to  the  prefer- 
red orientation  of  elongate  grains  and  grain-boundary  cracks. 

Velocity  and  Attenuation  Measurements 

The  velocity  (V|^)  and  attenuation  (Q  of  longitudinal  waves  in 
cylindrical  specimens  are  determined  using  a forced  resonance  technique. 
The  measurement  system,  shown  schematically  in  Figure  1,  is  similar  to 
resonance  systems  used  elsewhere  (cf.  Spinner  and  Tefft,  1961;  Davis, 
1963).  In  contrast  to  most  other  systems,  the  driver  and  pickup  consist 
of  electrically-shielded,  cork-backed,  PZT  piezoelectric  transducers 
that  are  pressed  lightly  against  the  ends  of  the  specimen;  a thin  film 
of  grease  between  the  transducer  and  sample  is  used  to  maximize  mechani- 
cal coupling.  By  varying  the  frequency  of  a sinusoidal  voltage  applied 
to  one  transducer,  the  specimen  is  forced  into  a longitudinal  mode  of 
resonance.  By  swepting  from  low  to  high  frequencies  and  plotting  output 
vs  frequency,  as  shown  in  Figure  2.  the  first  and  subsequent  harmonics 
of  longitudinal  resonance  can  be  identified,  and  the  longi tudinal -wave 
velocity  calculated  from  the  expression: 


OUTPUT  (mv) 
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Figure  1.  Block  diagram  of  velocity  measuring  system. 


i 
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Figure  2.  Output  versus  frequency  for  forced  longitudinal  excitation  of 
circular  cylinder  of  Sioux  Quartzite. 
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where  1 = length  of  the  ■specimen, 

n = 1,  2,  3,  = order  of  vibration,  and 

f^  = resonance  frequency  of  the  nth  mode  of  vibration. 

In  specimens  of  finite  dimensions  is  frequency  dependent  and  is  re- 
lated to  the  bar  velocity,  V^,  (V^  = '/Uq)  by, 

Vl  = (2) 

where  K is  a correction  term  dependent  upon  the  specimen  diameter-to- 
length  ratio  (d/1),  frequency,  and  Poisson's  ratio,  v (Bancroft,  1941). 

In  the  present  study  where  d/1  = 0.1  - 0.25  and  v = 0.15,  the  correction 
term  K ranges  from  0.998  to  0.999  for  velocities  calculated  from  the 
first  resonance  peak,  thus  the  longitudinal -wave  velocity  can  be  inter- 
changed directly  for  the  bar  velocity  with  little  error  (~  0.1%). 

Resonance  methods  permit  precise  velocity  determinations  and  thus 
should  allow,  in  principle,  detection  of  small  velocity  changes  resulting 
from  subtle  changes  in  the  microstructure  of  a rock.  Repeated  measure- 
ment of  an  aluminum  rod  indicated  that  our  measurement  system  displays 
long-term  stability  and  has  an  attainable  precision  of  better  than  0.1'. 
Repeated  velocity  measurements  on  samples  of  Sioux  Quartzite  also  indi- 
cate a precision  of  0.1%,  provided  the  elapsed  time  between  measurements 
is  short  (-  1 day).  For  longer  time  intervals,  samples  maintained  at 
ambient  lahoratory  conditions  commonly  display  velocity  variations  greater 
than  0.1%,  with  day-to-day  variations  as  large  as  0.5%  (Figure  3).  For 
time  spans  on  the  order  of  tens  of  days  the  velocity  variations  .an  be 
on  the  order  of  1 - 3%  or  greater  (Figure  3). 

Water  appears  to  play  a dominant  role  in  these  velocity  variations. 
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Figure  3.  Longitudinal -wave  velocity  and  Q determinations  made  over  an 
extended  time  period  on  samples  of  Sioux  Quartzite  and  aluminum  maintained 
at  ambient  laboratory  conditions. 
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but  our  studies  indicate  that  the  exact  manner  in  which  water  affects 
the  velocity  in  low  porosity  rocks  (•  1 - 2%)  is  more  complicated  than 
indicated  by  the  results  of  other  workers  (e.g. , Nur  and  Simmons,  1969; 
Thill  et  al  . , 1973).  In  general  terms,  the  lower  the  degree  of  satura- 
tion, the  lower  the  velocity;  especially  noteworthy  is  that  a small 
change  in  the  water  content  of  a nearly  dry  rock  can  result  in  a signi- 
ficant change  in  the  velocity  (up  to  several  percent).  In  principle,  to 
minimize  the  velocity  variations,  the  water  content  should  be  maintained 
constant  from  measurement  to  measurement;  yet  in  practice  unless  the 
most  stringent  steps  are  taken,  the  desired  constancy  of  water  content  is 
difficult  to  achieve. 

The  bulk  of  the  specimens  reported  on  in  this  report  where  maintained 
at  ambient  laboratory  conditions,  consequently  the  actual  precision  of 
most  velocity  measurements  is  only  about  1-2%  as  a result  of  humidity 
changes  in  the  laboratory.  More  recently,  however,  we  have  changed  to  a 
procedure  which  more  closely  controls  the  water  content,  and  the  preci- 
sion of  velocity  measurements  over  extended  time  intervals  appears  to  be 
about  0.25  to  0.5%. 

Q is  measured  in  terms  of  the  sharpness  of  resonance.  If  f^  and  f^ 
are  the  frequencies  on  either  side  of  resonance  at  which  the  amplitude 
of  vibration  of  the  sample  falls  to  times  the  amplitude  oi  the 

resonant  frequency,  f^,  the  quality  factor,  Q,  is  given  by  the  relation 

Q = . (3) 

12 

It  is  estimated  that  transducer  and  support  losses  affect  Q determina- 
tions by  less  than  10%  and  that  the  precision  of  measurements  is  5%. 
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In  agreement  with  previous  studies  (Barbish  and  Gardner,  1969;  Kissell, 
1972;  Tittmann  and  others,  1973;  Warren  and  others,  1974),  our  measure- 
ments (frequencies  15-45  kHz)  indicate  that  Q displays  a marked  sensiti- 
vity to  the  presence  of  water,  with  Q varying  inversely  with  the  degree 
of  saturation.  Typically,  Q of  a fully  dry  rock  is  greater  by  a factor 
of  10  to  30  than  Q of  a fully  saturated  rock.  Q of  a "fully  dry"  rock 
is  significantly  affected  by  small  changes  in  water  content  as  illu- 
strated in  Figure  4,  which  shows  the  variation  of  Q with  time  after  ther- 
mal cycling  a sample  to  455°C.  The  systematic  decrease  in  Q during  the 


Figure  4.  Variation  of  longitudinal-wave  velocity  (Vl)  and  quality  fac- 
tor (Q)  during  equilibration  of  an  initially  "fully  dry"  rock  with  labora- 
tory humidity  conditions.  Solid  triangle  represents  Q prior  to  heating. 

first  20  days  (sample  maintained  at  ambient  laboratory  conditions)  is 
interpreted  to  result  from  progressive  uptake  of  small  amounts  of  water 
from  the  atmosphere  as  the  sample  equilibrates  from  ifs  initial  "fully 
dry"  state  to  laboratory  humidity  conditons.  Consequently,  if  Q and 
changes  in  Q (aO)  are  to  be  used  as  indices  of  rock  inicrostructure  and 
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microstructure  changes,  the  water  content  of  the  sample  must  be  known  and 
comparisons  of  Q made  at  the  same  water  content.  In  this  regard,  either 
a fully  saturated  or  fully  dry  state  are  the  two  preferred  conditions; 
the  latter,  however,  is  less  easily  achieved. 

Measurements  on  Sioux  Quartzite  further  indicate  the  Q and  are 
inter-related,  but  the  functional  relationship  varies  with  the  degree 
of  saturation.  At  high  and  very  low  degrees  of  saturation,  Q varies 
inversely  with  V^;  Figure  4 shows  the  relationship  for  the  case  of  a 
low  degree  of  saturation.  In  contrast,  other  of  our  experiments  reveal 
at  intermediate  degrees  of  saturation,  Q varies  directly  with  V^. 

Acoustic  Emission  Measurements 

Acoustic  emission  is  a transient  elastic  wave  generated  by  rapid 
release  of  energy  within  a material.  In  rock,  crack  propagation  has 
been  shown  to  be  a significant  source  of  acoustic  emission  (cf.  Hardy, 
1972).  Thus,  monitoring  acoustic  emission  during  a thermal  cycle  pro- 
vides a measure  of  fracture  activity. 

A schematic  block  diagram  of  the  acoustic-emission  monitoring  system 
is  shown  in  Figure  5.  The  acoustic-emission  sensor  is  an  electrically- 
shielded,  PZT  transducer.  The  signal  from  the  sensor  is  preamplified 
and  filtered  before  passing  to  the  detector  and  counting  circuitry  (de- 
signed by  Dr.  A.  F.  Gangi , Texas  A&M  University).  In  contrast  to  other 
systems,  the  acoustic-emission  signal  is  electronically-processed  so 
that  each  acoustic-emission  event  that  exceeds  a pre-set  threshold  level 


14 


PZT  TRANSDUCER 

FUSED  , 

QUARTZ  ftf 
RCD 


SCHMIDT 

— 

BINARY  COUNT 

ER 

DIGITAL  -TO- 

TRIGGER 

(12  BITS) 

ANALOG 

CONVERTER 

MEASURING  T/C 


DETECTOR 


Y|  - Y2-TIME 
► ^ RECORDER 


Figure  5.  Schematic  block  diagram  of  the  acoustic  emission  monitoring 
system. 


15 


is  counted  only  once.  The  resultant  DC  voltage  output  of  the  counter  is 
directly  proportional  to  the  cumulative  number  of  acoustic-emission  counts 
and  is  plotted  on  a strip  chart  along  with  the  temperature  of  the  speci- 
men. The  counter  automatically  resets  to  zero  every  4096  counts.  An 
overall  system  gain  of  86  db  and  bandpass  of  5-300  kHz  is  utilized.  The 
sensor  can  detect  a surface  displacement  as  small  as  2 x 10  ^ mm. 

The  PZT  transducer  is  not  bonded  directly  to  the  specimen  because 
temperatures  attained  upon  heating  are  greater  than  its  curie-point.  In- 
stead, the  sensor  is  coupled  to  a fused-quartz  rod  that  in  turn  is  bonded 
to  the  sample  with  a strong,  high-temperature  resistant  cement  (Sauerei- 
sen  cement  no.  1).  The  fused-quartz  is  used  as  a wave  guide  because  of 
its  high  melting  point,  high  Q and  low  thermal  conduct! vi ty.  Unfortunately, 
its  low  thermal  expansion  coefficient  gives  rise  to  problems  during  the 
cooling  phase  of  a thermal  cycle. 

Acoustic  emission  during  the  heating  phase  comes  only  from  the  sam- 
ple, but  during  the  cooling  phase  the  acoustic  emission  record  is  domi- 
nated by  emissions  generated  at  the  fused  quartz-cement  bond.  By  replac- 
ing the  rock  specimens  with  a material  that  does  not  give  rise  to  acous- 
tic emission  upon  heating  (e.g.,  brass),  it  was  observed  that  the  fur- 
nace, glass  rod,  and  bonding  cement  do  not  give  rise  to  acoustic  emission. 
Such  is  not  the  case  upon  cooling.  Experiments  late  in  our  present  study 
finally  demonstrated  that  the  anomalous  acoustic  emission  records  observed 
upon  cooling  are  the  result  of  microcracking  of  the  fused-quartz  rod  at 
the  cement  bond.  Thus,  we  lack  meaningful  acoustic  emission  data  with 
respect  to  the  rock's  behavior  during  the  cooling  phase.  Fortunately, 
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as  later  discussions  show,  there  appears  to  be  little  microcracking 
activity  upon  cooling. 

Petrofabric  Observations 

The  purpose  of  the  petrographic  anu  petrofabric  study  is  to  (1) 
characterize  the  composition,  texture,  and  fabric  of  the  starting  mater- 
ial, (2)  recognize  thermal  fractures  induced  experimentally,  (3)  describe 
their  orientation,  location,  and  abundance  relative  to  experimental  para- 
meters, and  (4)  correlate  the  above  with  experimental  parameters  and 
thoeretical  considerations  in  order  to  gain  a better  understanding  of 
thermal  fracture  in  rock.  Observational  studies  to  date  have  been  r.ade 
on  discs  of  Sioux  Quartzite  cut  from  three  specimens  thermally  cycled 
(<^  2*’C/min)  to  maximum  temperatures  of385°,  560°,  and  685°C  and  on  cylin- 
drical discs  of  quartzite  (19  mm  diameter  by  3 mm  thick)  that  have  been 
thermally  sliocked  by  ice-water  quenching  from  400°C. 

Microfracture  index.  The  abundance  of  intragranular  microcracks  is 
expressed  as  a microfracture  index,  FI,  which  is  based  on  fracturing  in 
400  grains  as  follows:  percent  unfractured  grains  XI,  plus  the  percent 

of  grains  with  1-3  fractures  X2,  plus  percent  with  4-6  fractures  X3,  plus 
the  percent  of  those  with  6-10  fractures  X4,  plus  the  percent  of  those 
with  > 10  fractures  per  grain  X5,  all  XlOO  (Friedman,  1963,  p.  18,  Table 
1).  The  index  may  vary  from  100  to  500.  Indices  determined  here  are 
reproducible  to  ^ 2%  and  are  used  to  compare  relative  amounts  of  fracturing 
among  specimens. 

Staining  technique.  It  is  essential  to  be  able  to  recognize  ther- 
mally-induced fractures,  distinguish  them  from  microfractures  relict  from 
some  previous  natural  deformation,  and  from  fractures  that  might  arise 
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from  relaxation  of  residual  stresses  upon  thin  section  preparation.  Dis- 
tinction between  thermal  cracks  and  relict  natural  ones  is  achieved 
readily  in  that  the  former  are  fresh  and  unhealed  whereas  by  far  most  of 
the  latter  are  healed,  i.e.,  there  has  been  a rebonding  of  the  silica 
across  the  fracture  and  the  fracture  surface  is  invariably  decorated  with 
natural  impurities.  Both  thermal  cracks  and  those  that  might  arise  from 
thin  section  preparation  (relaxation  of  residual  stress)  are  unhealed, 
however,  and  impregnation  prior  to  sectioning  with  a suitable  stain  is 
necessary  to  distinguish  between  the  two.  Staining  methods  that  involve 
heating  the  specimen  (e.g.,  Baldridge  and  Simmons,  1971;  and  Simmons  and 
others,  1975)  need  to  be  avoided  as  the  specimens  here  are  to  be  subjected 
to  a specific  thermal  treatment.  A room-temperature  staining  technique 
was  sought,  and  the  one  suggested  by  Mr.  D.  A.  Parker,  National  Petro- 
graphic Service  Co.,  Houston,  Texas,  was  found  to  work  sati sfactori ly . 
Before  sectioning,  the  disc-shaped  specimen  is  impregnated  under  vacuum 
with  a blue-stained,  thinned  epoxy  which  is  allowed  to  harden  at  room 
temperature.  First,  Shell  Chemical  Epoxy,  R-816  Resin  (Ring  Chemical 
Co.,  Houston,  Tx. ) is  thinned  up  to  30%  by  volume  with  BGE  reactant 
diluent  (I.W.  Industries,  Houston,  Tx.).  The  mixture  is  then  stained 
a dark  blue  with  Kriegrosol  blue  supra  concentrated  powder  (7-K  Color 
Corp..  Hollywood,  Ca.).  A hardener,  Geramid  2000  (Ring  Chemical  Co., 
Houston,  Tx.)  is  then  added  up  to  50%  by  volume.  This  mixture  has  a 
low  viscosity  liquid-life  of  about  an  hour.  The  chip  is  imnersed  in  a 
cup  of  the  mixture  and  evacuated  for  30  minutes.  Then  it  is  removed  from 
the  epoxy  bath  and  allowed  to  harden  at  room  temperature  for  12  to  25 
hours  before  a thin  section  is  prepared.  In  thin  section,  the  blue-stained 


18 


epoxy  is  sky-blue  in  color  and  fills  the  finest  of  cracks  and  grain  boun- 
dary openings.  It  appears  to  fill  its  container  completely,  i.e.,  no 
shrinkage  upon  hardening.  Expansion  upon  hardening  cannot  be  ruled  out, 
but  it  does  not  appear  to  be  a serious  problem. 

The  specimens  cycled  at  about  2°C/min  are  studied  in  polished  sec- 
tion with  optical  and  SEM.  Surfaces  are  polished  with  abrasives  down  to 
3.0  urn,  impregnated  with  epoxy,  and  then  further  polished  with  0.3  pm 
alumina.  The  epoxy  fills  parted  grain  boundaries  and  cracks  and  simpli- 
fies their  study  optically.  For  SEM  work  an  attempt  was  made  to  remove 

O 

the  epoxy  prior  to  coating  the  surface  with  the  standard  200  A-thic< 
layer  of  gold-palladium  by  treating  the  surface  with  a solution  of  b% 
brofiine  and  95%  ethanol  for  12  hours.  Epoxy  remains  in  some  of  the 
parted  grain  boundaries  but  is  dissolved  completely  from  others. 

Reflected  light  microscopy  through  the  gold-palladium  coating 

enhances  best  of  all  the  visibility  of  parted  grain  boundaries  and  intra- 

granular  microfractures. 


RESULTS 


Velocity  Changes 

The  irreversible  effect  of  slow  heating  and  cooling  upon  the  longi- 
tudinal-wave velocity  is  shown  in  Figures  6 and  7.  Figure  6 shows  the 
ratio  of  the  post-heating  velocity  (V^)  to  the  pre-heating  velocity  (v’) 

as  a function  of  the  maximum  temperature  (T  ) attained  during  a thermal 

mdx 

cycle.  Whereas,  Figure  7 shows  the  absolute  velocity  as  a function  of 
^max’  case,  except  for  the  initial  room  temperature  data,  the 

velocity  is  measured  immediately  after  removal  of  the  sample  from  the 


19 


Tmax  (°C)  a-0  TRANSITION 

100  200  300  400  500  |600  700  800  900 


\ □ 

o *5 

\ s 


V 


TYPICAL 

ERROR 

BAR 


Oo^  • 


GRajp  I samples 


GROUP  2 SAMPLES 


Figure  6.  Variation  of  normal ized,  post-heating  velocity  with  maximum 
temperature  attained  during  a thermal  cycle.  VP  and  V^  are  post-heating 
and  pre-heating  longitudinal -wave  velocities,  respectively  and  are 
measured  "room  dry".  Group  I samples  (solid  symbol)  and  Group  II  samples 
(open  symbol)  are  cored  from  two  different  parts  of  the  source  block  of 
Sioux  Quartzite.  All  samples  were  thermally  cycled  at  atmospheric  pressure, 
except  tor  two  samples  (open  squares)  which  were  thermally  cycled  under 
50  MPa  confining  pressure. 
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Figure  7.  Variation  of  longitudinal-wave  velocity  with  the  maximum 
temperature  attained  during  thermal  cycling.  All  measurements  are  for 
fully  dry  samples,  except  for  the  initial  room  temperature  measurements. 
The  data  is  di fferentiated  (open  vs  solid  symbols)  according  to  the 
location  of  the  sample  in  the  source  block  of  Sioux  Quartzite. 
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furnace  and  corresponds  to  that  of  a "fully  dry"  specimen.  In  Figure  6, 
the  post-heating  velocity,  V^,  corresponds  to  the  velocity  measured  after 
the  sample  has  re-equi 1 ibrated  to  laboratory  humidity  conditions.  Be- 
cause the  pre-heating  velocity,  v\  is  measured  at  ambient  laboratory 
conditions,  the  re-equilibration  is  essential  if  the  velocity  ratio,  v'^/ 
v’,  is  to  reflect  only  the  effects  of  thermally-induced  microcracks  and 
not  additional  effects  due  to  differing  water  contents.  The  importance 
of  achieving  re-equilibration  is  underscored  by  the  observation  that  the 
"fully  dry"  velocity  is  lower  by  up  to  6%  (see  Figure  4).  Nevertheless, 
laboratory  humidity  changes  with  time,  hence  it  is  not  possible  in  every 
case  to  be  sure  the  effect  of  differing  water  contents  has  been  completely 
eliminated.  This  results  in  a potential  source  of  error. 

Interpretation  of  the  velocity  data  is  dependent  in  part  upon  under- 
standing the  scatter  in  the  data  points.  Part  of  this  scatter  possibly 
can  be  attributed  to  error  associated  with  differing  w^ter  content,  as 
mentioned  above.  The  maximum  error  introduced  from  this  source,  however, 
is  only  about  2 to  3%.  A more  significant  component  of  the  scatter 
appears  to  be  associated  with  subtle  microstructure  differences  from 
sample  to  sample.  When  the  original  location  of  the  sample  in  the  study 
block  is  taken  into  account,  these  differences  appear  to  be  systematic. 
This  is  demonstrated  by  distinguishing  the  data  points  in  Figures  6 and 
7 cording  to  which  of  two  distinct  beds  in  the  study  block  the  samples 
are  taken.  As  can  be  seen,  one  group  (the  solid  circles.  Group  I)  falls 
consistently  above  the  other  (the  open  circles.  Group  II).  Such  a dis- 
tinct difference,  especially  in  Figure  6,  is  impressive  considering  the 
small  difference  in  initial  velocities  for  these  two  groups;  Group  I 


samples  have  a pre-heating  average  velocity  of  4.78  km/sec,  whereas  Group 
il  samples  have  a pre-heating  average  velocity  of  4.84  km/sec.  We  are 
currently  attempting  to  determine  the  initial  microstructure  differences 
of  these  two  groups,  but  tentatively  it  appears  that  Group  I has  a slightly 
smaller  average  grain  size  than  Group  II.  Segregation  of  the  data  into 
two  distinct  groupings  simplifies  interpretation  of  the  velocity  data. 

Examination  of  the  data  indicates  that  upon  exceeding  a threshold 

temperature  between  200°C  and  300°C,  the  velocity  (for  both  data  groups) 

decreases  approximately  10%  for  each  100°C  increase  in  T , up  to  the 

rn3  X 

a-quartz  to  B-quartz  transformation  (573°C).  At  the  a-6  transition, 
there  is  evidence  of  an  abrupt  velocity  decrease  of  approximately  10%. 

From  573°C  to  900°C,  the  velocity  continues  to  decrease,  but  at  a sig- 
nificantly lower  rate  (ca.  3%/100°G).  A concerted  effort  is  not  made 
to  determine  precisely  the  threshold  temperature  on  the  basis  of  velocity 
changes,  because  the  acoustic  emission  data  (as  shown  subsequently)  is  a 
more  sensitive  indicator.  On  the  basis  of  the  velocity  data,  however, 
it  might  be  anticipated  that  the  threshold  temperature  is  different  for 
the  two  sample  groups. 

A 60  MPa  confining  pressure  reduces  but  does  not  completely  suppres 
the  thermal  cracking  of  Sioux  Quartzite.  Two  exploratory  thermal  cycling 
experiments  to  400°C  (the  open  squares,  Figure  C)  show  the  velocity  de- 
crease (measured  at  atmospheric  pressure)  is  less  than  50%  of  that  result- 
ing at  unconfined  conditions  (Group  II  samples). 

Quality  factor  changes 

There  is  little  doubt  that  cracks  play  a role  in  determining  the  Q 
of  a low  porosity  rock.  The  exact  role,  however,  is  not  fully  under- 
stood. A commonly  proposed  model  relates  dissipation  of  elastic  strain 
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energy  during  passage  of  a stress  wave  in  dry  rock  to  frictional  sliding 
of  contacting  crack  faces  (e.g.,  Walsh,  1966;  Gordon  and  Davis,  1968). 

On  the  basis  of  this  model  an  increase  in  the  number  of  cracks  might  be 
expected  to  result  in  a decrease  in  Q,  because  there  is  likely  to  be  a 
greater  number  of  potential  sites  for  sliding  contacts  to  develop.  When 
water  is  present,  Q is  significantly  affected.  There  is  a change  in  tfie 
relationship  between  0 and  the  microstructure  of  the  rock.  This  is  parti- 
cularly apparent  in  our  measurements  of  Q before  and  after  a thermal 
cycle  for  room  dry  and  water-saturated  rock. 

Initial  values  of  Q for  "room  dry"  Sioux  Quartzite  range  from  60  to 
250,  with  100  being  a typical  value.  The  cause  for  the  wide  spread  of 
values  is  uncertain,  but  it  appears  primarily  to  reflect  slightly  dif- 
fering degrees  of  saturation  amongst  the  samples,  although  microstruc- 
tural  differences  cannot  be  completely  ruled  out.  The  pronounced  effect 
of  water  on  Q of  a "room  dry"  rock  poses  a problem  when  attempting  to 
assess  microstructure  changes  on  the  basis  of  changes  in  Q.  The  influ- 
ence of  water  on  Q may  in  some  cases  overshadow  the  effects  of  small 
changes  of  microstructure.  In  other  instances,  the  problem  is  to  dif- 
ferentiate whether  an  observed  change  in  Q after  a thermal  cycle  is  the 
result  of  microstructure  changes  or  small  differences  in  water  content 
or  a combination  of  the  two.  The  problem  is  well  illustrated  in  Figure 
8,  which  shows  the  ratio  of  the  post-heating  Q (Q^)  to  the  pre-heating 
Q (Q^)  (both  measured  "room  dry")  as  a function  of  the  maximum  tempera- 
ture of  the  thermal  cycle.  The  only  definitive  statement  permitted  by 
the  data  is  that  between  200”C  and  550°C,  Q is  unchanged  or  decreases. 
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Ficjore  8.  Effect  of  thermal  cycling  on  the  Q of  "room  dry"  Sioux 
Quartzite.  The  post^heating  value,  QP,  is  normalized  with  respect  to  the 
pre-heating  value,  Q’ . 
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whereas  between  550"C  and  800”C,  Q increases.  The  scatter  in  the  data 
is  interpreted  to  result  primarily  from  the  effects  of  sliqhtly  differ- 
ing water  contents  from  one  measurement  to  the  next  and  from  sample  to 
sample . 

In  contrast  to  a "room  dry"  state,  Q of  a fully  saturated  rod'  dis- 
plays a systematic  variation  with  increasing  thermal  cycling  temperature. 
Figure  9 shows  that  from  initial  Q's  of  25  to  40,  Q progressively  de- 
creases with  increasing  maximum  temperature  of  heating,  up  to  the  i-fi 
transition.  Above  the  transformation  temperature,  Q remains  essentially 
constant  at  a value  of  10.  The  Q of  a saturated  rock  thus  appears  to 
provide  an  indication  of  microstructure  changes  occurring  during  the 
thermal  cycle.  It  is  not  necessarily  the  same  microstructure  changes, 
however,  that  a change  in  Q of  a fully  dry  rock  might  reflect,  because 
attenuation  is  dominated  by  differing  mechanisms  in  each  of  these  cases. 
Attenuation  in  the  saturated  rock  is  thought  to  be  in  accordance  with  a 
mechanism  proposed  by  Biot  (1956).  In  this  case,  energy  dissipation  results 
from  relative  motions  between  the  pore  fluid  and  solid  framework,  pri- 
marily  as  a result  of  stress-induced  flow  of  water  in  the  interconnected 
pore  spar.e.  As  the  permeability  increases,  Q decreases. 


Figure  10  shows  the  increase  nf  apparent  total  porosity  with  increas- 
ing temperature  of  the  thermal  cycle.  Initial  porosity  ranges  from  0.2  - 
0.4»,  but  increases  to  IX  upon  heating  to  900°C.  Although  not  evident  on 
Figure  10,  detectable  increases  in  porosity  occur  at  300°C.  The  porosity 
increases  progressively  with  increasing  temperature,  marked  by  a rapid 

i 

increase  at  the  a-quartz  to  (i-quartz  transformation  temperature.  There 


Figure  10.  Variation  of  the  porosity  of  Sioux  Quartzite  with  the  maximum 
temperature  attained  during  slow  thermal  cycling. 
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Figure  11.  Relation  between  the  longitudinaj -wave  velocity  and  porosity 
of  thenna.iy  cycled  Sioux  Quartzite.  The  data  points  to  the  left  of  the 
dashed  vertical  line  correspond  to  samples  heated  to  t(^mperatures  below 
the  transition  ouartz. 
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is  some  indication  that  the  rate  of  porosity  change  decreases  above 
700°C. 

The  relationship  between  longi tudinal -wave  velocity  and  total  poro- 
sity for  thermally-cycled  samples,  is  shown  in  Figure  11.  The  prominent 
inverse  relationship  between  velocity  and  porosity  for  samples  heated  to 
temperatures  less  than  573°C  indicates  that  a significant  component  of 
the  new  porosity  is  associated  with  low  aspect-ratio  cracks  (Nur  and 
Simmons,  1969;  1970).  For  samples  lieated  above  573°C,  however,  the 
velocity  appears  to  be  little  affected  by  additional  porosity  increases, 
even  though  the  absolute  porosity  is  still  small  (-  1%).  This  lack  of 
sensitivity  is  an  indication  that  the  additional  porosity  (above  that 
developed  at  573°C)  is  associated  predominantly  with  high  aspect-ratio 
cracks  or  pores. 

Acoustic  Emission 

Technical  difficulties  prevented  us  from  obtaining  meaningful 
acoustic-emission  data  until  the  latter  part  of  the  present  study.  Con- 
sequently, we  have  data  only  for  a limited  number  of  tests,  and  of  these, 
all  but  one  are  Group  II  samples. 

Representative  plots  of  cumulative  emission  and  emission  rate  versus 
temperature  are  presented  in  Figure  12  and  Figures  13  and  14,  respectively. 
Of  particular  significance  is  the  marked  similarity  of  acoustic  emission 
activity  from  test  to  test.  In  general,  upon  exceeding  a threshold  tem- 
perature, emission  increases  progressively,  attains  a maximum  (between 
280"C  and  400°C)  and  then  decreases,  commonly  abruptly;  a second  larger 
maximum  occurs  between  570°C  and  590°C,  coincident  with  the  a-ti  transition 
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Figure  13.  Representative  plots  of  acoustic  emission  rate  versus 
temperature  for  slow  heating  of  Sioux  Quartzite,  a)  Group  I sample; 
b)  Group  II  sample.  The  emission  rate  is  averaged  over  a temperature 
interval  of  R "C. 
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Figure  14.  Representative  plots  of  acoustic  emission  rate  versus 
temperature  for  slow  heating  of  Sioux  Quartzite.  The  emission  rate 
is  averaged  over  a temperature  interval  of  8 "C. 
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(Figure  14b).  The  onset  of  acoustic  emission  occurs  at  206  ^ 10°C  for 
Group  II  samples  (8  experiments)  and  at  250“C  for  the  Group  I sample. 

The  greater  threshold  temperature  for  the  Group  I sample  is  consistent 
with  the  velocity  data  (Figure  6).  Note  also  (Figure  13)  that  aside 
from  the  higher  threshold  temperature,  the  general  character  of  acoustic 
emission  versus  temperature  for  the  Group  I sample  is  very  similar  to 
that  of  Group  II  samples. 

Upon  termination  of  heating  and  maintenance  of  a constant  temperature, 
acoustic  emission  decreases  abruptly  to  a very  low  rate,  with  complete 
termination  usually  following  within  minutes  thereafter.  Upon  slow  cool- 
ing no  emissions  are  recorded  during  the  first  100  to  150  degrees,  after 
which  intense  emission  activity  initiates  and  continues  until  cooling  is 
complete.  The  preponderance  of  these  emissions  do  not  appear  to  be  com- 
ing from  within  the  sample,  but  instead  result  from  fracturing  of  the 
fused-quartz  rod/cement  bond. 


Pet  r o f a b r i c_  ^b^e  r_va  tJ^nj^ 

Slowly  cycled  specimens . Polished  surfaces  of  specimens  8,  10, 
and  4 (cycled  once  at  about  2°C/min  to  maximum  temperatures  of  385°, 
560",  and  685°C,  respectively)  and  of  the  starting  material  are  studied 
to  characterize  development  of  thermal ly- induced  cracks.  The  following 
facts  are  apparent  in  both  reflpct,.^  v.ptical  and  scanning-electron 


mi croscopy : 
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1)  parting  of  grain  boundaries  orogressi vnly  increases  with  increas- 
ing maximum  temperature  (Figure  15); 

2)  mi crofracture  indices  also  progressively  increase  from  107  in 
the  starting  material  to  122,  138,  and  1^''  ’r  soecimens  8 (385”C  maximum 
temperature),  10  (560°C)  and  4 (685 'C).  respectively.  That  is,  the  abun- 
dance of  intragranular  microfractures  (Figures  16b,  17c,  d)  also  increases 
with  increasing  maximum  temperature;  and 

3)  traces  of  intragranular  microfractures  on  the  polished  surfaces 
are  strongly  oriented  subparallel  to  the  ZY  plane  (Figures  18  and  17c,  d). 
This  fabric  is  documented  only  in  specimen  4 where  clear  distinction  be- 
tween grain  boundary  and  intragranular  microfracture  is  possible. 

Ttie  progressive  increases  in  grain-boundary  parting  (cracking)  is 
conspicuous  in  photomicrographs  (Figure  15)  and  is  not  guantified  fur- 
ther. Note  in  the  starting  material  (Figure  15a)  that  the  boundaries 
are  indistinct  and  incomplete.  They  are  somewhat  more  conspicuous  and 
continuous  in  specimen  8,  but  reach  maximum  development  in  specimen  4 
(Figures  15d  and  17c,  d)  where  every  grain  boundary  is  conspicuously 
parted.  At  higher  magnification  the  morphology  of  parted  boundaries  in 
the  thermally  treated  specimens  is  not  conspicuously  different  from 
that  in  the  starting  material  (Figure  16a,  b).  Although  the  fracturing 
along  the  boundaries  is  complex  and  small  dislodged  fragments  are 
apparent  (Figures  16,  17b)  there  is  no  compelling  reason  to  suspect 
shear  displacements  along  these  boundaries. 

Intragranular  microfractures  often  iritersect  the  grain  boundaries 
at  high  angles  and  die  out  into  the  grain  (Fig,.'"es  16,  17c,  d).  They 
also  are  developed  within  the  grain  and,  at  least  in  two-dimensions. 


t»‘  l^j.  Scdnninq  electron  photomicroqrdphs  show  development  of  ordin- 
dd-y  partinqs  in  (a)  thermally  untreated  startinq  material,  and  in  (b 
nd  d)  specimens  R (^RS^C,  maximum  tempera  ture ) , 10  (560''C),  and  1 ; (S3 
<■1  tively.  The  boundaries  become  more  conspicuous  and  cont  inunusl  y de 
«■  1 with  increasinq  maximum  temperature.  Scale  line  for  all  . d.'.'h 


Figure  16.  SEM  photomicrographs  show  parted  (bold  arrows)  and  unparted 
boundaries  (slim  arrows)  in  (a)  and  intragranular  microfractures  (arrows) 
in  (b),  Sioux  Quartzite  specimen  8,  385°C,  maximum  temperature.  Scale 
line  is  0.004  cm. 
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riqiirp  17.  SEM  photomicrographs  show  parted,  triple-point,  t)ra iii-boundarv 
junction  in  startin(|  material  (a)  and  in  specimen  4 (b)  heate^l  to  ■.  . 
'lide  cracking  and  fragment  production  are  somewhat  greater  in  the  thermally 
treated  material  (b).  In  (c  and  d)  are  reflected  light  photnmi(;ro(iraphs 
taken  through  the  gold-palladium  coating  that  show  int’^agranular  ir.i i nit rac - 
turns  (arrows)  and  completely  parted  grain  boundaries  in  specimen  4.  Scale 
line  for  (a)  is  0.00?  cm,  that  for  (b)  is  0.001  cm,  and  that  for  ::  and  d) 
is  0.0‘)  cm. 
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Figure  18.  Frequency  diagram  shows  orientation  of  the  traces  of  163 
intragranular  m'icrofractures  on  the  polished  surface  of  specimen  4 
' (/tied  to  685 ®C).  The  microfracture  traces  are  oriented  preferenf'ally 
sjpparallel  to  the  ZY  plane.  i 
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appear  independent  of  grain-boundaries.  There  also  is  no  reason  to  sus- 
pect shear  displacement  along  these  fractures. 

The  preferential  development  of  intragranular  microfractures  sub- 
parallel to  the  ZY  plane  correlates  with  the  state  of  residual  strain 
and  with  one  of  the  resulting  trends  of  fracture  anisotropy  in  this  rock 
(Appendix  A,  Figure  4a,  b,  and  d).  This  fabric  suggests  that  the  resi- 
dual strains  may  be  influential  in  controlling  the  orientation  of  the 
thermal  fractures. 

In  the  future  the  surfaces  also  will  be  etched  to  disclose  modifi- 
cations of  smaller  scaled  phenomena  such  as  dislocation  arrays  (etch 
pits)  and  subgrains.  Also  specimens  4,  8,  and  10  need  to  be  studied  in 
i thin  section  to  obtain  a three  dimensional  appreciation  of  the  intragran- 

ular  microfractures  and  the  relation  between  thermal  and  elastic  aniso- 
tropy in  the  grains  and  the  parted  boundaries  and  microfractures. 

Thermally-shocked  specimens.  Discs  of  Sioux  Quartzite  (20  mm  dia- 
meter by  3 mm  thick)  have  been  thermally  shocked  (ice-water  quench  from 
400°C)  in  order  to  compare  thermal -crack  development  under  transient 
thermal  conditions  with  that  occurring  during  slow  heating  and  cooling. 
Macroscopical ly , discs  quenched  from  200°C,  300°C,  and  400°C  progres- 
sively become  a lighter  shade  of  pink  in  reflected  light.  The  compari- 
son with  similarly  prepared  discs  not  subjected  to  thermal  treatment  is 
most  dramatic  (Figure  19a).  Microscopically  and  in  reflected  light,  it 
' is  obvious  that  the  lighter  color  results  from  reflections  of  light  from 

I cracked  grain  boundaries  (Figure  19b,  c).  In  thin  section  (transmitted 

light)  grain  boundary  partings  and  intragranular  cracks  oriented  perpen- 
dicular to  these  boundaries  are  evident  (Figure  20).  Many  of  the  latter 


Figure  19.  Photographs  show  in  reflected  light  the  influence  of  thermal 
treatment,  (a)  Disc  2 was  not  subjected  to  thermal  treatment  and  disc  4 
was  quenched  from  400°C.  Note  the  more  reflective  surface  of  disc  4.  Discs 
are  2.0  cm  in  diameter,  (b  and  c)  Enlarged  views  before  (b)  and  after  (c) 
thermal  quenching  from  400°C.  Development  of  grain  boundary  partings  is 
conspicuous  in  (c).  Scale  line  is  0.1  cm. 
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I Figure  20.  Photomicrograph  shows  thermally  induced  grain  boundary  part- 

i ing  (bold  arrow)  and  intragranul ar  cracks  (fine  arrows)  in  Sioux  Quartzite 

quenched  from  400°C.  Fractures  and  boundary  are  stained.  Cross  polarized 
1 light.  Scale  line  is  0.01  cm. 
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appear  to  have  originated  at  the  grain  boundaries  and  to  die  out  in  the 
interior  of  the  grains. 

A detailed  comparison  of  thermal  fractures  in  an  untreated  disc  and 
one  quenched  from  400°C  (Figure  21)  shows  that  (a)  34%  of  the  grain  boun- 
daries are  parted  in  the  starting  material  while  83%  of  them  are  parted 
after  thermal  shock;  (b)  most  of  the  microfractures  are  concentrated  in 
the  outer  peripheral  zone  of  each  disc,  where  they  are  oriented  tangen- 
tially; but  their  abundance  increases  after  quenching  with  FI's  of  157 
and  236  before  and  fater  quenching,  respectively;  and  (c)  microfractures 
increase  slightly  in  the  interior  part  of  each  disc  with  an  FI  of  109 
before  and  one  of  123  after  quenching. 

The  concentration  of  most  the  microfractures  in  the  peripheral  zone 
{four  grain  diameters  wide)  both  before  and  ajFt^r  quenching  and  their 
tangential  orientation  (Figure  21)  suggest  they  are  produced  by  more 
than  just  the  thermal  treatment.  Many,  but  not  all,  are  stained  with 
the  blue  epoxy  indicating  that  at  least  the  stained  ones  existed  prior 
to  thin  sectioning.  This  cracking  could  arise  from  the  coring  process, 
from  discing  with  the  cutoff  saw,  from  thin  sectioning  (unstained  ones), 
and/or  from  the  influence  of  residual  strains  prior  to  or  during  thin 
section  preparation.  The  latter  is  excluded,  at  least  tentatively,  in 
that  the  tangential  microfracture  orientation  pattern  is  axially  sym- 
metric about  the  Y axis  whereas  the  residual  strains  are  not.  Similarly 
oriented  and  located  fractures  do  not  occur  in  the  polished  discs  of 
the  slowly  cycled  specimens.  This  fact  and  their  greater  abundance  in 
the  quenched  versus  untreated  discs  clearly  shows  that  the  thermal 
effects  are  important,  and  possibly  dominant,  in  their  development. 
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Micrnfraclure  Index 


Typical  Orientation 
of  Microfractures  in 
Peripheral  Zone 


No.  9;  THERMALLY  SHOCKED  - 400°  to  24°C 


Peripheral  Zone 
is  4 grain  dianieters 
wide. 


Figure  21.  Documentation  of  thermal  cracking  in  Sioux  Quartzite. 
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Study  of  the  orientation  of  the  most  conspicuously  parted  grain 
boundaries  in  the  400°C-quenched  specimen  indicates  they  too  are  tangen- 
tially oriented  (Figure  22).  Their  orientation  pattern  also  is  axially 
symmetric  about  Y and  for  the  reasons  expressed  above  probably  they  also 
are  not  related  to  the  residual  strains.  The  boundaries  measured  occur 
in  th(;  interior  parts  of  the  disc,  are  all  stained  with  blue  epoxy,  and 
appear  to  be  caused  primarily  by  the  thermal  treatment. 

A detailed  study  of  the  crystallographic  orientation  of  grains  on 
either  side  of  conspicuously  parted  grain-boundaries  was  made  to  gain 
insight  into  factors  that  might  control  the  gra in-boundary  deformation 
upon  thermal  shock.  For  example,  one  might  expect  anisotropic  thermal 
expansion  in  neighboring  grains  to  induce  deformation  at  the  boundary. 
Differential  expansion  or  contraction  parallel  to  the  grain  boundary 
would  be  greatest  if  the  c^-axes  of  the  adjacent  grains  were  oriented 
at  90°  rather  than  0°  to  each  other.  The  frequency  distribution  of  100 
angles  between  £-axes  of  grains  on  either  side  of  100  conspicuously 
parted  boundaries  in  the  specimen  quenched  from  400°C  is  random  (Figure 
23).  Thus,  this  analysis  does  not  reveal  any  "cause  and  effect"  relation. 
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Figure  22.  Diagram  shows  normals  to  100  conspicuously  parted  grain 
boundaries  in  a disc  of  Sioux  Quartzite  guenched  from  400°C.  Plane  of 
the  diagram  is  parallel  to  the  circular  section  of  the  disc  with  X,  Y, 
and  Z as  indicated.  Sedimentary  bedding  is  parallel  to  XT.  Data  are 
plotted  in  lower  hemisphere,  egual-area  projection. 


Angle  Between  C-Axes  of  Quartz  Grains 
Across  Parted  Boundaries 


Figure  23  . Histogram  shows  the  freguency  distribution  of  the  angle  be- 
tween the  c-axes  of  pairs  .of  guartz  grains  across  100  conspicuously 
parted  grain  boundaries  in  a specimen  of  Sioux  Quartzite  thermally 
quenched  from  400°C.  Dashed  line  indicates  the  expected  random  distri- 
bution of  such  data  (Bloss,  1957). 
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DISCUSSION 

Changes  of  long! tudina 1 -wave  velocity,  porosity,  and  Q together  with 
petrofabric  observations  demonstrate  unequivocally  that  significant  ther- 
mal cracking  occurs  during  slow  thermal  cycling  of  Sioux  Quartzite.  This 
data  alone,  however,  does  not  allow  us  to  specify  when  during  the  thermal 
cycle  the  cracking  occurs.  Unfortunately,  neither  does  the  acoustic  emis- 
sion data,  because  of  the  lack  of  meaningful  records  during  the  entirety 
of  the  cooling  phase.  However,  pronounced  acoustic  emission  during  heat- 
ing together  with  its  absence  during  the  first  one  hundred  degrees  of  cool- 
ing suggests  cracking  takes  place  primarily  during  the  heating  phase. 

Better  evidence  for  the  preponderance  of  thermal  cracking  during  the  heat- 
ing phase  is  provided  by  a comparison  between  post-heating  values  of  Young's 
modulus  with  values  of  Young's  modulus  determined  at  temperature. 

Figure  24  compares  values  of  Young's  modulus  of  Sioux  Quartzite  mea- 
sured at  temperature  by  Wingquist  (1969)  (open  triangles  and  associated 
error  bar)  with  our  room  temperature  values  of  Young's  modulus  of  thermally- 
cycled  samples  (solid  squares).  Both  sets  of  data  are  normalized  with 
respect  to  the  initial  pre-heating  value  of  Young's  modulus  as  determined 
for  room-dry  samples.  Aside  from  the  initial  pre-heating  values,  all 
values  of  Young's  modulus  for  both  sets  cf  data  are  for  fully  C\  y samples. 
The  comparison  of  the  two  sets  of  data  in  Figure  24,  does  noc  take  into 
account  that  Wingquist's  measurements  at  temperature  reflect  both  the 
irreversible  and  and  reversible  effects  of  temperature,  whereas  the  post- 
cycling values  reflect  only  the  irreversible  effects.  For  temperatures 
less  than  500°C,  both  a Ruess-Voi gt-Hi H (RVH)  averaging  of  single-crystal 
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Figure  ?4.  Young's  modulus  of  Sioux  Quartzite  measured  at  temperature 
(open  triangles)  and  after  thermal  cycling  to  temperature  (solid 

squares).  Young's  modulus,  EP,  at  temperature  or  after  thermal  cycling 
is  normalized  with  respect  to  the  pre-heating  value,  E^.  Young's  modulus 
at  temperature  reflects  reve'^sible  and  irreversible  effects  of  temeperature , 
whereas  the  post-cycling  values  reflect  only  the  irreversible  effects. 
Correction  for  the  reversible  effects  of  temperature  are  discussed  in 
text.  Young's  modulus  data  at  temperature  is  from  Wingquist  (1969). 
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data  for  quartz  and  measurements  of  Ide  (1937)  on  a quartzose  sandstone 
(80%  quartz)  indicate  that  Young's  modulus  decreases  reversibly  approxi- 
mately 2%  for  every  100”C  increase  in  temperature.  Between  500”C  and 
the  a-B  transition,  the  rate  of  decrease  is  significantly  larger  (see 
Figure  27).  At  the  a-B  transition.  Young's  modulus  (RVH  average)  abruptly 
increases  to  a value  approximately  4%  greater  than  that  at  20°C.  Apply- 
ing these  corrections  to  our  data  brings  the  two  sets  of  measurements  into 
near  coincidence.  Such  close  coincidence  is  not  to  be  expected  if  a 
significant  component  of  thermal  cracking  occurs  during  the  cooling  phase. 

There  is,  however,  a potential  weak  point  in  the  comparison  of  our 
post-cycling  data  with  Wingquist's  measurements  at  temperature.  The  ini- 
tial pre-heating  value  of  Young's  modulus  of  the  Sioux  Quartzite  samples 
used  by  Wfngquist  is  approximately  20%  greater  than  that  for  our  Sioux 
Quartzite  samples  (78  GPa  vs  62  GPa).  The  difference  in  Young's  modulus 
indicates  the  two  sets  of  samples  have  different  initial  microstructures. 
We  do  not  know,  however,  in  what  manner  the  microstructures  differ,  but 
we  assume,  for  the  present,  that  the  effects  of  differing  microstructure 
does  not  greatly  affect  the  relative  degrees  of  thermal  cracking  developed 
in  each  set  of  samples.  Unfortunately,  we  cannot  be  assured  that  this  is 
the  case,  because  our  studies  indicate  that  subtle  microstructure  dif- 
ferences do  affect  the  degree  of  thermal  cracking  developed  at  a specific 
temperature,  all  other  things  being  equal.  This  is  demonstrated  by  the 
measurable  differences  in  the  threshold  temperature  and  velocity  changes 
of  Group  I and  Group  11  samples  in  our  study.  Grain-size  differences 
appear  to  be  the  primary  reason  for  the  differences  in  thermal  cracking; 
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this  is  consistent  with  observations  uf  other  workers  (Clarke,  1964; 

Davidge  and  Green,  1968a,  b;  Peratni  , 1971;  Kus?yk  and  Tradt,  1973,  Rict- 
ter  and  Sininons,  1974).  In  general,  the  coarser  the  grain-size,  the 
lower  the  threshold  temperature  and  the  qro;it,er  the  degree  of  thermal 
cracking  that  develops  at  a specific  temperature. 

Ide's  (1937)  measurements  of  the  velocity  of  rock  at  elevated  tem- 
perature during  slow  thermal  cycling  also  indicate  that  cooling  induces 
little  if  any  additional  structural  damage.  He  observed  that  the  velocity 
vs  temperature  curve  was  essentially  the  same  upon  re-heating  as  it  was 
during  the  cooling  phase  of  the  previous  thermal  cycle.  If  significant 
thermal  cracking  had  occurred  it  is  expected  the  velocity  would  be  lower 
upon  re-heating.  The  velocity  changes  upon  re-heating  only  if  the  tem- 
perature exceeds  the  maximum  temperature  attained  during  previous  thermal 
cycles.  Recent  experiments  (Todd  and  others,  197?)  confirm  that  no  velo- 
city change  occurs  for  samples  thermally  recycled  to  temperatures  less 
than  or  equal  to  the  previous  maximum  temperature.  These  observations 
hold  true  for  the  Sioux  Quartzite.  A sample  cycled  seven  times  to  515°C 
displays  the  same  velocity  decrease  (within  the  uncert’ainty  of  the  mea- 
surements) as  a sample  cycled  only  once  to  515°C. 

The  intense  thermal  cracking  of  Sioux  Quartzite  upon  slow  heating 
is  directly  attributable  to  the  marked  thermal  expansion  anisotropy  of 
quartz.  At  room  temperature,  for  example,  thermal  expansion  parallel  to 
the  c-axis  is  approximately  half  that  along  the  a-axes  = 7.0  x 10'^°C"^ 
vs  = 13.2  X 10  ^°C'^).  In  the  Sioux  Quartzite,  neighboring  quartz 
grains  typically  have  differing  crystallographic  orientations.  Conse- 
quently, when  the  temperature  of  the  rock  changes  there  is  a propensity 
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for  differential  displacements  to  arise  at  the  boundary  between  adjoining 
grains.  If  holes  are  not  to  open  in  the  structure,  compatibility  of  dis- 
placements requires  a system  of  self-eq ji librating  stresses  develop  within 
the  grains  to  restrain  these  differential  displacements.  In  general,  the 
greater  the  crystallographic  mismatch  of  neighboring  grains  the  greater 
the  intergranular  stresses  developed.  If  the  intergranul ar  stresses 
exceed  the  local  strength  of  the  rock,  fracture  occurs. 

Exact  calculation  of  thermally-induced  intergranular  stresses  (o) 
is  difficult,  but  analyses  of  several  simplified  cases  (e.g..  Boas  and 
Honeycombe,  1946;  Davidge  and  Green,  1968a;  Devore,  1969)  indicate  that 

o a (X^  - X^)aT  . (4) 

3 C 

where  aT  is  the  temperature  increment  and  X and  E are,  respec- 

d I C d , c 

tively,  the  thermal  expansion  coefficient  and  Young's  modulus  parallel 
to  the  ^ and  £ crystal lographic  axes.  As  shown  in  Figures  ?5  and  27, 
the  thermal  expansion  coefficient  and  Young's  modulus  are  a function  of 
temperature.  Of  particular  importance  with  respect  to  Eq.  4,  the  dif- 
ference between  the  thermal  expansion  along  the  £ and  £ axes  -x^aT) 

increases  with  temperature  (Figure  26).  This  differential  thermal -expan- 
sion strain  increases  rapidly  as  temperatures  near  the  i-B  transition, 
with  an  abrupt  increase  at  the  transition  point.  Notably,  at  higher  tem- 
peratures the  differential  strain  continues  to  increase  even  though  volu- 

metrically,  quartz  contracts  (Figure  25).  E.  and  E decrease  progressively 

d c 

with  increasing  temperatures  below  the  a-B  transition,  with  a marked  de- 
crease just  prior  to  the  transformation  point  (Figure  27).  The  transformation 


Figure  25.  Thermal  expansion  of  quartz  parallel  to  the  a 
crystallographic  axes.  Data  from  Skinner  (1966,  p.91). 
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Figure  26.  Variation  of  the  differential  thermal  expansion  of  quartz 
parallel  to  the  a and  c crystallographic  axes  as  a function  of  temperature 
Data  from  Skinner  (1966,  p.  91). 
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Figure  27.  Temperature  dependence  of  Young's  modulus  parallel  to  the 
^ and  c_  crystallographic  axes  of  quartz.  Values  of  Young's  modulus  are 
nomall  zed  with  respect  to  room  temperature  values,  £3=  0.78  GPa  and 
£(.-  1.03  GPa.  Data  from  Perrier  and  de  Mardiot  (1922). 
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Figure  28.  Predicted  variation  of  i ntergrangular  thermal  stresses 
with  temperature  in  a polycrystalline  aggregate  of  quartz. 
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is  marked  by  a significant  and  abrupt  increase  in  [ and  F , which  con- 

a c 

tinue  to  increase  slowly  with  increasing  temperature. 

Using  the  data  in  Figures  26  and  27,  Lguation  4 is  evaluated  and 
plotted  in  Figure  28.  This  plot  shows,  as  a first  approximation,  the 
functional  form  of  che  increase  of  thermal  stresses  with  increasing  tem- 
perature, assuming  fracture  does  not  occur.  The  plot  shows  most  imnres- 
sively  why  the  i-b  transition  is  marked  by  an  abrupt  increase  in  cracking. 
It  also  indicates  why  thermal  cracking  is  likely  to  continue  at  tempera- 
tures above  the  i-p.  transition,  as  a result  of  continued  increase  of 
thermal  stresses.  It  is  unknown  whether  the  predicted  decrease  in  ther- 
mal stress  immediately  prior  to  the  'x-H  transition  actually  occurs  in 
the  case  of  the  Sioux  Quartzite.  Such  a reduction  in  the  thermal  stresses 
is  expected  to  be  accompanied  by  a reduction  or  cessation  of  cracking; 
accordingly,  acoustic  emission  should  be  minimal  in  this  temperature  in- 
terval. Sparcity  of  acoustic  emission  data  in  this  interval,  however, 
precludes  checking  this  out  at  present. 

Somewhat  unexpectedly  and  for  the  present  unexplained,  we  observe 
that  the  post-heating  porosity  of  thermal ly-cycled  Sioux  Quartzite  is 
proportional  to  the  differential  thermal -expansion  strain  of  guartz  occur- 
ring at  T^^^  of  the  thermal  cycle.  This  proportionality  is  indicated  in 
Figure  29,  which  shows  superposed  log-linear  plots  of  post-heating  poro- 
sity versus  T^^  and  maximum  differential  thermal -expansion  strain  of 
quartz  versus  temperature;  the  latter  curve  is  shifted  parallel  to  the 
ordinate  axis  to  obtain  a "best  fit"  with  porosity  data.  For  the  present, 
we  cannot  explain  the  observed  proportionality.  We  do  note,  however,  that 
a similar  proportionality  between  the  volume  of  an  individual 
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Figure  29.  Superposed  log-linear  plots  of  post-heating  porosity  of 
Sioux  Quartzite  versus  maximuin  thermal  cycle  temperature,  (open 

circles)  and  of  differential  thermal  expansion  of  quartz  versus  temperature 
(solid  curve).  The  differential  thermal  expansion  versus  temperature 
curve  is  shifted  parallel  to  the  ordinate  axis  to  achieve  a "best  fit" 
with  the  porosity  data.  The  range  of  initial,  pre-heating  porosity  is 
indicated  by  the  vertical  bar  at  100°C. 


differential  thermal  expansion  (LOG) 
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thermal  crack  and  the  differential  thermal  strain  of  quartz  is  not  to 
be  unexpected. 

A thermally-induced  crack  is  a "hole"  in  the  rock's  structure  that 
is  a direct  result  of  differential  thermal  expansion  between  neighboring 
grains.  The  volume  of  the  crack  thus  depends  upon  the  magnitude  of  the 
differential  displacements  occurring  across  the  crack.  Accordingly,  the 
greater  the  mismatch  of  the  thermal  expansions  of  grains  within  the  im- 
mediate vicinity  of  the  crack,  the  greater  the  volume  of  the  crack.  As- 
suming this  conceptual  model  is  approximately  correct,  it  is  not  unrea- 
sonable that  at  a specific  temperature  the  volume  of  a thermally-induced 
crack  is  proportional  to  the  maximum  differential  thermal  expansion  of 
quartz  occurring  at  that  temperature.  The  proportionality  constant  should 
depend  upon  the  crystallographic  orientations  of  the  grains  in  the  imme- 
diate vicinity  of  the  crack  and  thus  varies  from  crack  to  crack.  Further- 
more, using  a weighed-averaging  schemed  it  should  be  possible  in  principle 
to  define  for  each  temperature  an  "average"  proportionality  constant  bet- 
ween total  crack  porosity  and  the  differential  thermal -expansion  strain 
of  quartz  at  that  temperature.  If  total  crack  porosity  is  determined  at 
room  temperature,  then  the  proportionality  constant  must  be  corrected  for 
the  recoverable  volume  changes  occurring  upon  cooling.  There  is  no  imme- 
diately obvious  reason,  however,  why  the  corrected  "average"  proportionality 
constant  should  be  independent  of  temperature  as  indicated  in  Figure  29. 

Our  studies  of  acoustic  emission  during  heating  are  restricted  to 
detection  of  stress  waves  that  have  amplitudes  greater  than  10  ^ mm  and 
frequency  contents  between  5 and  300  kHz.  Thus  we  are  measuring  only  a 
portion  of  the  acoustic  emission  generated  within  the  rock,  but  we  assume 
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our  sample  is  representative.  Besides  the  uncertainties  associated  with 
detecting  only  a fraction  of  the  acoustic  emission  activity,  we  have  no 
assurance  that  all  emissions  detected  result  from  fracture  events.  Another 
potential  source  of  acoustic  emission  is  from  unstable  sliding  between 
surfaces  of  a brittle  material  (Hardy,  1971,  p.  69).  During  thermal  cycl- 
ing, differential  contractions  or  expansions  may  give  rise  to  unstable 
sliding  between  touching,  detached  grains,  or  crack  faces,  or  both.  Since 
we  are  primarily  interested  in  fracture  events,  it  is  highly  desirable  to 
differentiate  acoustic  emission  generated  by  fracture  events  from  that 
associated  with  unstable  sliding.  The  feasibility  of  making  such  a dis- 
tinction, however,  has  yet  to  be  demonstrated.  Ideally,  the  differing 
source  mechanisms  (i.e.,  fracture  vs  unstable  sliding)  may  have  identifi- 
ably  different  acoustic  emission  signatures.  For  the  present,  we  assume 
that  the  preponderance  of  acoustic  emission  is  associated  with  brittle 
fracture. 

In  our  experiments,  we  do  not  record  the  actual  waveforms  of  acoustic 
emission  events,  hence  we  do  not  know  the  amplitude  distribution  of  the 
emissions.  Conseguently , it  is  not  necessarily  meaningful  at  this  time 
to  attempt  to  correlate  either  the  cumulative  emission  or  emission  rate 
data  with  the  velocity  data.  We  do  not  know,  for  example,  whether  or 
not  a high  emission  rate  corresponds  to  a large  increment  of  structural 
damage.  To  make  such  a correlation,  we  need  the  amplitude  distribution 
data . 

The  acoustic  emission  data  has  allowed  us  to  specify  precisely  the 
onset  of  thermal  cracking.  More  Importantly,  however,  we  have  been  able 
to  show  that  acoustic  emission  activity  is  very  similar  amongst  samples 
subjected  to  the  same  thermal  conditions.  This  consistence  is  essential 


56 


if  the  acoustic  emission  data  is  to  be  amenable  to  analysis.  Clearly, 
more  work  is  needed  and  warranted.  In  particular,  the  amplitude  distri- 
bution and  frequency  spectra  of  the  acoustic  emissions  must  also  be 
analyzed. 


■*  I 
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Conclusions 

(1)  Thermal  cracking  of  the  monomineral  ic  Sioux  Quartzite  upon  slow 
uniform  heating  is  directly  attributable  to  the  marked  thermal  expansion 
anisotropy  of  quartz. 

(2)  Thermal  cracking  occurs  only  after  a critical  threshold  temper- 
ature is  exceeded.  For  the  Sioux  Quartzite,  the  threshold  temperature 
for  an  initial  thermal  cycle  ranges  between  200°C  and  250°C,  depending 
upon  the  specific  microstructure  of  the  sample. 

(3)  Above  the  threshold  temperature,  thermal  cracking  increases 
progressively  with  increasing  temperature.  The  majority  of  cracking 
occurs  prior  to  the  a-quartz  to  6-quartz  transformation  (573°C).  A 
significant  component  of  thermal  cracking  occurs  at  the  rj-8  transition 
and  is  reflected  by  an  abrupt  decrease  in  the  (post-heating)  longitudi- 
nal-wave velocity,  a rapid  porosity  increase,  and  intense  acoustic  emis- 
sion. Thermal  cracking  continues  above  the  a-6  transition  but  at  a 
reduced  rate. 

(A)  The  preponderance  of  thermal  cracking  occurs  during  the  heating 
phase  of  a thermal  cycle. 

(5)  Thermally-induced  cracks  develop  primarily  along  grain  boundaries 
and  secondarily  as  intragranular  cracks.  Typically,  intragranular  cracks 
intersect  grain  boundaries  at  high  angles  and  tend  to  die  out  into  the 
grains. 

(6)  The  pre-heating  residual  strain  state  influences  the  development 


of  intragranular  cracks. 
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(7)  Subtle  microstructure  differences  measurably  affect  the  degree 
of  thermal  cracking  developed  during  a thermal  cycle.  Grain  size  may  be 
the  dominant  microstructure  parameter. 

(8)  The  observed  relationship  between  ‘'''ngitudinal -wave  velocity  and 
porosity  indicates  that  the  bulk  of  the  porosity  developed  below  the  i--.- 
transition  is  associated  with  low  aspect-ratio  cracks,  whereas  above  the 
•i-B  transition,  increased  porosity  is  associated  primarily  with  high  as- 
pect-ratio cracks. 

(9)  Acoustic  emission  has  proven  to  be  a valuable  source  of  infor- 
mation and  is  likely  to  play  an  important  role  in  future  attempts  to 
understand  the  details  of  thermal  cracking.  Most  significantly,  the  pre- 
sent study  has  shown  that  acoustic  emission  activity  is  very  similar 
amongst  Sioux  Quartzite  samples  subjected  to  the  same  thermal  conditions. 

(10)  The  quality  factor,  Q,  displays  a marked  sensitivity  to  the 
presence  of  water.  Typically,  Q displays  a change  after  a thermal  cycle, 
but  when  measured  at  fully-saturated  and  room-dry  conditions  it  has  not 
proven  to  be  an  especially  sensitive  indicator  of  microstructure  changes. 
Nevertheless,  Q of  a fully-saturated  rock  displays  a systematic  decrease 
with  increasing  thermal  cycling  temperature  and  appears  to  be  in  accord 

with  Biot's  mechanism  of  attenuation  in  a fluid-saturated,  porous  elastic  solid. 
Changes  of  Q for  "room-dry"  samples  are  less  systematic,  but  significantly, 

Q increases  for  samples  heated  above  550°C. 

(11)  Confining  pressure  inhibits  the  development  of  thermal  cracking. 


f 


59 


ACKNOWLEDGEMENTS 

We  are  especially  grateful  to  Dr.  Anthony  Gangi  for  his  numerous 
consultations,  suggestions,  and  constructive  criticisms  that  have  sig- 
ficantly  influenced  this  research.  In  addition,  Dr.  Gangi  designed  and 
constructed  the  acoustic  emission  monitoring  system  and  directed  set-up 
of  the  velocity  measuring  system.  For  their  help  in  various  phases  of 
this  research,  we  wish  to  thank  Stephen  Bauer,  Virginia  Clark,  Beatrice 
Johnston,  and  Tzuhua  Yen. 


60 


REFERENCES 


Baldridqe,  W.  S.  and  Simmons,  G. , 1971,  Progress  in  microcrack  decora- 
tion (Abstract):  Trans.  Am.  Geophys.  Union,  v.  52,  p.  3A?. 

Bancroft,  D. , 1941,  The  velocity  of  longitudinal  waves  in  cylindrical 
bars:  Phys.  Rev.,  v.  59,  p.  588-593. 

Barbish,  A.  B.  and  Gardner,  G.  H.  E.,  1969  ”he  effect  of  heat  on  some 
mechanical  properties  of  igneou.,  ,v^i.ks.  Jour.  Soc.  Petroleum  Engi- 
neers, p.  395-402. 

Biot,  V.  A.,  1956,  Theory  of  propagation  of  elastic  waves  in  a fluid 
saturated  porons  solid.  1.  low-frequency  range.  2.  higher  fre- 
quency range:  J.  of  Acoust.  Soc.  Amer. , v.  28,  p.  168-191. 

Bloss,  D.  F.,  1957,  Anisotropy  of  fracture  in  quartz:  Am.  Jour.  Sci., 

V.  255,  p.  214-225. 

Boas,  W.  and  Honeycombe,  R.  W.  K. , 1946,  Plastic  deformation  of  non-cubic 
metals  by  heating  and  cooling:  Proc.  Roy.  Soc.  London,  Ser.  A, 

V.  186,  p.  57-71. 

Clarke,  F J.  P.,  1964,  Residual  strain  and  the  fracture  stress-grain  size 
relationship  in  brittle  solids:  Acta  Metal  1 urgica , v.  12,  p.  139-143. 

Coppola,  J.  A.  and  Bradt,  R.  C.  , 1973,  Thermal -shock  damage  in  SiC: 

Jour.  Am.  Ceramic  Soc.,  v.  56,  p.  214-218. 

Davidge,  R.  W.  and  Tappin,  G.  , 1968a,  Internal  strain  energy  and  the 
strencith  of  brittle  materials:  J.  Mater.  Sci.,  v.  3,  p.  297-301. 

Davidge,  R.  W.  and  Tappin,  G. , 1968b,  Strength  of  two-phase  ceramic/glass 
material:  J.  Mater.  Sci.,  v.  3,  p.  629-634. 

Davis,  W.  R.  , 1968,  Measurement  of  the  elastic  constants  of  ceramics  by 

resonant  frequency  methods:  Brit.  Ceram.  Soc.  Trans.,  v.  67,  p.  515-541. 

Devore,  G.  W.  , 1969,  Differential  thermal  contractions  and  compressibili- 
ties as  a cause  for  mineral  fracturing  and  annelinq:  Contributions 

to  Geology,  Univ.  of  Wyoming,  v.  8,  no.  1,  p.  21-36. 

Friedman,  M. , 1963,  Petrofabric  analysis  of  experimentally  deformed  cal- 
ci te-cemented  sandstones:  J.  Geol . , v.  71,  p.  12-37. 

Friedman,  M.  and  Bur,  T.  R.,  1974,  Investigation  of  the  relations  among 
residual  strain,  fabric,  fracture,  and  ultrasonic  attenuation  and 
velocity  in  rocks:  Int.  J.  Rock  Mech.  Min.  Sci.  A Geomech.  Abstr. , 

V.  11,  p.  221-234. 

Friedman,  M. , Handin,  J.,  and  Alani,  G. , 1972,  Fracture-surface  energy  of 

rocks:  Intern.  Jour.  Rock  Mechanics  and  Mining  Science,  v.  9,  p.  757-766. 

Gordon,  R,  B.  and  Davis,  L.  A.,  1968,  Velocity  and  attenuation  of  seismic 
waves  in  imperfectly  elastic  rocks.  Jour.  Geophys.  Res.,  v.  73,  p. 
3917-3935. 


61 


Hardy,  H.  R. , Jr.,  1971,  Application  of  acoustic  emission  techniques 
to  rock  mechanics  research;  Sym.  on  Acoustic  Emission,  Bal  Har- 
bour, Florida,  ASTM  Spec.  Tech.  Pub.  505,  p.  41-83. 

Hasselman,  D.  P.  H.,  1969,  Unified  theory  of  thermal  shock  fracture 
initiation  and  crack  propagation  in  brittle  ceramics:  Jour.  Am. 

Ceramic  Soc.  , v.  52,  p.  600-604. 

Ide,  J.  M. , 1937,  Velocity  of  sound  in  rocks  and  glasses  as  a function 
of  temperature:  Jour.  Geology,  v.  45,  p.  689-716. 

Kissel,  F.  N. , 1972,  Effect  of  temperature  variation  on  internal  fric- 
tion in  rock:  Jour.  Geophys.  Res.,  v.  77,  p.  1420-1423. 

Krech,  W.  W. , Henderson,  F.  A.,  and  Hjelmstad,  K.  E.,  1974,  A standard 
rock  suite  for  rapid  excavation  research:  U.S.  Bureau  of  Mines, 

RI  7865,  29  p. 

Kuszyk,  J.  A.  and  Bradt,  R.  C.  , 1973,  Influence  of  grain  size  on  effects 
of  thermal  expansion  anisotropy  in  MgTi205:  J.  Am.  Ceram.  Soc., 

V.  56,  no.  8,  p.  420-423. 

Mar,  H.  Y.  B.  and  Scott,  W.  D. , 1970,  Fracture  induced  in  Al^Og  bicry- 
stals by  anisotropic  thermal  expansion:  J.  Am.  Ceram.  Soc.,  v.  53, 

no.  10,  p.  555-558. 

Nur,  A.  and  Simmons,  G. , 1969,  The  effect  of  saturation  on  velocity  in 
low  porosity  rocks;  Earth  and  Planet.  Sci.  Lett.,  v.  7,  p.  183-193. 

Nur,  A.  and  Simmons,  G. , 1970,  The  origin  of  small  cracks  in  igneous 
rocks:  Int.  J.  Rock  Mech.  Min.  Sci.,  v.  7,  p.  307-314. 

Perami , R. , 1971,  Formation  des  microfissures  dans  les  roches  sons 

I'effet  de  variations  homogenes  de  temperature:  Proc.  Int.  Symp. 

on  Rock  Fracture,  Nancy,  1-6. 

Perrier,  A.  and  de  Mandrot,  B. , 1922,  Comptes  Rendu,  v.  175,  p.  622  and 
1006. 

Richter,  D.  and  Simmons,  G. , 1974,  Thermal  expansion  behavior  of  igenous 
rocks:  Intern.  Jour.  Rock  Mechanics  and  Mining  Science,  v.  11, 

p.  403-411. 

Savanick,  G.  A.  and  Johnson,  0.  I.  ^974,  Measurements  of  the  strength 
of  grain  boundaries  in  rock:  Int.  J.  Rock  Mech.  Min.  Sci.,  v.  11, 

p.  173-180. 

Simmons,  G.  and  Cooper,  H.  W.  (in  press).  Thermal  cycling  cracks  in 
three  igneous  rocks. 

Simmons,  G. , Todd,  T. , and  Baldridge,  W.  Scott,  1975,  Toward  a quanti- 
tative relationship  between  elastic  properties  and  cracks  in  low 
porosity  rocks:  Am.  Jour.  Sci.,  v.  275,  p.  318-345. 

Skinner,  B.  J.,  1966,  Thermal  expansion:  in  Handbook  of  Physical  Con- 
stants: Geol . Soc.  Am.  Mem.  97,  p.  7?^96. 


62 


Somerton,  W.  H. , Mphta,  M.  M. , and  Dean,  G.  W. , 1965,  Thermal  alteration 
of  sandstones:  J.  Petroleum  Technology,  v.  17,  p.  589-593. 

Spinner,  S.  and  Tefft,  W.  E.,  1961,  A method  for  determining  mechanical 
resonance  frequencies  and  for  calculating  elastic  moduli  from 
these  frequencies;  Proc.  ASTM,  v.  61,  p.  1221-1238. 

Thill,  R.  E.,  Willard,  R.  J.,  and  Bur,  T.  P.,  1969,  Correlation  of 

longitudinal  velocity  variation  with  rock  fabric:  J.  Geophys.  Res., 

V.  74,  no.  20,  p.  4897-4909. 

Tittmann,  B.  R.  and  Honsley,  R.  M. , 1973,  High  Q (low  internal  friction) 
observed  in  strongly  outgassed  terrestrial  anlog  of  lunar  basalt; 
Phys.  Stat.  Solidi  (b),  v.  56,  p.  kl09-klll. 

Todd,  T.  , Wang,  H.  , Baldridge.  N.  5.,  and  Simnons,  G. , 1972  , Elastic 
properties  of  Apollo  14  and  15  rocks:  Proc.  3rd  Lunar  Sci.  Conf., 

V.  3,  p.  2577-2586. 

Tourenq,  C.,  Fourmaintraux,  D.  and  Denis,  A.,  1971  Propagation  des 
ondes  et  discontinuities  des  roches;  Proc.  Int.  Sym.  on  Rock 
Fracture  , Nancy,  I-l . 

Walsh,  J.  B.  (1966,  Seismic  wave  attenuation  in  rock  due  to  friction: 

Jour.  Geophys.  Res.,  v.  71,  p.  2591-2599. 

Walsh,  J.  B. , 1973,  Theoretical  bounds  for  thermal  expansion,  specific 
heat,  and  strain  energy  due  to  internal  stress:  J.  Geophys.  Res., 

V.  78,  no.  32,  p.  7637-7646. 

Wang,  H.,  Todd,  T.  , Weidner,  D. , and  Simmons,  G. , 1971  Elastic  proper- 
ties of  Apollo  12  rocks:  Proc.  2nd  Lunar  Sci.  Conf.,  v.  3,  p.  23-32. 

Warren,  N.  , 1973,  Brief  note  on  effects  of  thermal  pulses  on  elastic 

moduli  and  6 of  rock:  Earth  Planet.  Sci.  Lett.,  v.  20,  p.  280-285. 

Warren,  N. , Trice,  R.,  and  Stephens,  J.,  1974,  Ultrasonic  attenuation: 

Q measurements  on  70215,  29:  Proc.  5th  Lunar  Conf.,  Supplement  5, 

Geochimica  et  Cosmochimica  Acta,  v.  3,  p.  2927-2938. 

Wingquist,  C.  F.,  1969,  Elastic  moduli  of  rock  at  elevated  temperatures: 
U.S.  Bur.  Mines,  Report  of  Investigations,  7269,  18  p. 


APPENDIX  A 


64 


/.'•  K \/ 


!•.,  \ I;  PI'  .'.■'1  .'^4  IV  I'jCNs  \ I't  inli-il  •;  < it  *.t ' li.  ■•:  ••> 


Investigations  of  the  Relations 
among  Residual  Strain,  Fabric, 

I raetiire  and  Ultrasonic 
Attenuation  and  Velocity 
in  Rocks 

M I Kll  I )\1  \N*  .iiul  I K Ml  K I 

Ki  SIi/kci/  I'li'i/Mi/I  (/  /n  illlll  Ili  l(>l>h  lr\  lilhru  . Iliul  ullru'<linu  III- 

(HIM  iliultltliiniillliiiiinhliiik‘<nltlr\  ( iiiir(inil  (trtWIIt.  SiiniK  (Juiirl:ilt.  tiiitl 
lit  I t il  Stiiitltloiu  tir,  iMicsni/iJ/c  tl  In  tlflt niiiiii  llu  ir  ■ iIkm  s ,iiu/  t lU\  It  uihl  liii 
ili  i/it  i III  wim  h i\it  i iiin  ht' iiM  tl  III  I'ri  till  t IrtUlWt  iii:i'.<ilni[<\  I he  \liHittu  iil 
lri  iul\i>l  It  ii'tile  liiuniri  s,  iiu/iiittl  h\  pmiU  linitll’ui  iirii  iih  il  </isi  s.  nrr  rclitihl\ 
iuftlii  till  Irom  idtiiisiiim  ihtUi  in  till  ihifi  rotk\.  ihi  tiih  nuiini'n  il,iui  it  thii 
somt  11(1/  St  MM/M  1 III  Illlll  ir\  In  llh  tiriiiiih- till  li  .iilnh\ iiri  i iiiiif'iilil’h  i/ic- 
iiii  /I'll  till  \ iiihl  I'nihiihly  lit  III  III  III!  \ H nil  llii  I rii  nhilinni  iii.il  iiuhinilinli  ■ . il  I he 
ii  siiliiiil  slr'iins  (I  f.  /»fs/it  ss|  (Mil/  rt  llh  niii  rnlriu  liire\  iinil  i \ •tiilulii'n  luineiliie 
inn  liire't  in  ihi  i/ihii  r:ile  iiiul  \(MI(/s/(>M(  .;r,  iinniiinh  nrienleil  piiriillel  In  heJ- 
ilimi  I hnse  nnl  ihiriillel  in  hulilinii  in  the  i/inirr  ile  iiri  i nini'illihle  vM//i  the 
le'iiiliiill  sliiiins  ( Itriisnnii  ililhi  Inr  llie  heihlul  rm  k \ Jn  nnl  eurrehiie  « llh  iinv 
Ilf  till  niiirn\enpuliihruelenient\'ttiiJieil  flu  h nJeni  \ Inr  rensite  trui  lures 
in  llh  siiiiilslnne  iiml  ijUiirtrile  in  iirnpiiihiie  ulniiii  iiriiin  hnunJiiries  nuiresn 
'hiin  Inr  the  ilhinile  m/i/i/<  '/•>  niinule  npenniil'  m thiw  \ nun  esisl  ui  the  hniin- 
iliiries  Illlll  ihesi  mill  preilnininitnll\  inHiiime  liiulurinj  ii'  il  iiicKs/ii  prnper- 
lies 


IMHODI  ( MON 

1 llici(.'nl  /.ipiil  mull  I tfii'ii/ut  I'Vi.ii.ilii'n  ri'miiti's  tiu'  ilf- 
vclitfiiTii'/ii  (>l  j!i"i>|(>>:ii.il  .iiui  ^'ci iphi Mi.il  li'i'lmiiiucs  li'i 
ilclii mMiinj!  till  i|ii.ilii\  (>l  till’  idi k ni.iss  prior  lo  cmiii.i 
Ill'll  .111.1  iluriii^;  ixtai.iiion  l’\  probiiiu  iriiiiiiili.i/di 
•tliiMil  ol  llu- uoikiiii!  I.iii-  liIc.ilK  itu  i-ii^/iiuii  piim.irils 
iici-iK  to  kiiou  hic.ikm);  sIii-iiuiIim'I  ihi-  roiks.  the  .iluiii 
tl.iiue  anil  oi iciii.ilioii  ol  maitosi.opii  .iiiil  liiiuost.o|'iv. 
ikleils  loik  .imsotropuv  .iriil  the  in  stiii  sl.ilc  ol  stress 
m .iilililioii  to  liilioloj!\  giomiil  anil  u.iler  eoiulilions 
V\  Ol  k oil  some  III  vest  ig.it  loll  ol  loek-.  Ms  the  I - S Mme.iii 
ol  Mines  I I l|  slums  Ih.il  .illenii.ilion  .mil  leloeili 
helils  eorrelale  uilh,  aiul  the/elore.  eaii  he  iiseil  to  m.ip, 
.It  least  i|iiahl.ilisel>.  the  roek  l.ihne.  h.ieture  .inisolrops 
.mil  iiiiuMilmeil  hre. iking  stiengih  in  ilry  loeks  II  the 
some  methoil  .ilso  eoi rel.ites  u ith  the  iesiilu.il  .mil  in  siiu 
slates  ol  sliess  then  the  possihihls  exists  ih.il  some  pro- 
hingol  the  roek  m.iss  may  \ielil  simiill.meously  much  ol 
the  |uil.iienl  inlorm.iiion  renuiieil  toengiiieei  the  lapul 
uiuleigioiiiiil  exeai.it ion 

Speeilieallv  the  lel.itions  among  the  ulliasonie  ilal.i, 
resiiliial  siiains.  .mil  l.ihric  aie  siuilieil  in  three  blocks  ol 

•l  i-Mlei  Ici  1 . 1 1. Ki.'i.t'vMis  lei.is  A \ VI  I niveiMli  I I'tli-iii- 
si.ii(..n  i\  Mxai  I s \ 

♦ tK-p.ifl((K-ril  .(I  M(n(i((i  I (((vt-iiiiv  cl  MoKtiiK  K.-ll.i  Me  l.s-lul 
1 S \ 


iln  roek  ( hareo.il  ( ir.mile.  Sioux  (,)uarl/ile.  arul  l-terea 
S.iiulstone  1 hese  .ire  being  use-il  beeuasi-  (.ti  the  I S 
Muie.iu  ol  Mines  I u m ( ilies  Mining  Kesi-aieh  ( enter 
eoulil  suj'plx  the  bloeks(iin2  in'l  .iiul  the  eoriespoiuling 
iilti.isonie  il.il.i  me.isiiieil  in  .nli.ieenl  blocks,  ibi  the 
locks  eoiu.iin  ipiai  1/  horn  u Inch  iesulu.il  strains  can  be 
ileteinnneil  bx  X r.ix  ililli.ielomelrx  .mil  tel  the  textures 
•mil  lompositions  ol  these  rocks  eoxei  much  ol  the  spee- 
irtim  ol  li.mr  locks  eoinmonlx  eneounteieil  in  engmeei  - 
iiig  pi.ieliee  I or  e.tih  block  the  lesulual  str.iins  stored 
in  the  iiu.irt/  .ne  nie.isuieil  bx  \ rax  ililliaetometry  [4 
1 1 . the  relatixe  tensile  Ir.ietuie  stiength  .mil  the  existence 
ol  possible  liaeture  anisotropies  ,ire  ileteiinined  by  point 
loading  ol  sets  ol  muiuallx  perpetidicul.n  discs  |bl,  .md 
labric  elements  th.it  could  possibix  inlluettce  Ir.ictuie 
.misotropx  Ol  ulti.isomc  ine.isuiements  .ne  studied  in 
thill  section  XX  nil  unixers.il  st.ige  technmues  Diiectioits 
and  planes  ate  ilelineil  relatixe  to  an  \ ) / coordin.ite 
sXstem  est.ihhsheil  p.ir.illel  to  the  edges  of  each  block 

I'rel  ions  iKirk 

VVoikeis.it  the  Ixxni  ( ities  1 .iboratorx  h.ive  dexel- 
oped  ati  ulti.isomc  method  loi  ni.ipping  attenuation  .md 
xelocitx  lields  in  rocks,  .md  thex  h.ixe  coiiel.ited  these 
xxith  tock  l.ibiic  li.ictuie  .misotiopx.  md  imcontined 
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in 

huM^ing  siK'iicih  ( I ^1  V\  HI  kcf  s ,i t I lk‘ < (.‘liter  toi  1 (.■(. 
lonoplissKi  h,i\c  den'Jiipeil  .m  \ i.i\  melluki  lor  me.i 
Mil  iirp  the  three  (.ImieiiMon.il  st.ile  of  iesulii.il  ^lr.lm  horn 
hukeil  in  ilisioi  tioiis  ol  .ilomie  pl.ines  atui  hiive  clcnion- 
sti.iieil  ih.ii  the  tesuiii.il  sir. mis  (piesiressosi  eaii  in 
Hueiiee  the  (>i lent.itions  ol  iiKliieei.i  IriieUiies  iiiul  the 
hie.ikini:  siieniMhsot  loeks  iiiulei  eonlimiik’  ptesstiies  to 
I'lKl  hars  [4  ” | I he  eoneepis.  leehniqiies  ,nul  pio 
eeJmes  lot  the  ulli.isonu  .iml  l.ihrie  work  .iie  re.ison- 
.ihh  well  known  \ (.onipreheiisise  renew  ol  resuhial 
el.islu  St  1 .1111  in  1 oe  ks.  | i.ii  lu  iil.ii  K .Is  iiie.lsui  eil  h\  \ i a \ 
dilh.K  lonieli  \ , IS  ijTiven  h\  liieiini.in  j 4,  lleie 

It  IS  suliieieni  to  deline  lesulual  sti.mis  Istiessesi  .is 
polenli.illi  reeosei.ihle  elastie  dislot lions  ol  eonslilneni 
eisst.ilsoi  v:i. nils  lh.it  s.ilisl\  inlet  n.il  ei.|iiihhi  umi  condi- 
tions .Old  that  esist  in  .i  gisen  volume  ol  rock  wiili  no 
ester  n.il  lo.ids  .leros^  its  hound. iries  | V d | 

Ki  si</i(,;/ ,ni,y  in  s'liu  v/row  I he  in  siiii  slate  ol  el.istu 
sti.im  isliessi  in  roiks  consists  ol  two  c(>m|ionents  the 
sir. nils caiissd  h\  cuiieiitlv  up/'/iei/ /oiu/s  and  the  rcsulunl 
sii  oils  1 ■'  .Hill  ■'1  II  there  .ire  no  csiernal  loads  .icioss 
il-  I'.'iind.iiies  •>!  .1  loek.  .is  III  the  Liboratorv  or  iii  spe- 
1 1.0  held  siiiMiu'iis,  ihc  potuiiiallv  rccoverahle  in  \itii 
sir. mis  are  the  lesidii.tl  str.mis  I hese  relate  to  the  paleo- 
te  I >nic.  p.ileoiopogi.iphic  .md  thermal  and  chemical 
histones  ol  the  n ik  II  a roik  free  ol  residu.il  strain  is 
cuircnilv  under  l.'.ids  c.insed  hi  preseni  lopograpliv. 
I>iesi.‘ni  tectonics,  or  the  works  ol  man,  then  the  in  siiu 
sii.misare  termed  .ipplied  str.iins  In  Ihe  general  held  or 
suhsurlace  condilion.  .ipplied  strains  and  lo.ids  .ire 
supierposcd  mi  resulu.il  sit. mis  and  stresses  In  this  siudv 
the  ultr.isonic  d.il.i  ,iie  detei  mined  lor  spheies  ol  rock  at 
atmospheric  pressure,  hence  it  is  onl>  the  residual 
sti.mis  that  .lie  impoiianl  heie 

Ki  siduiW  sfri/ni'  iiiiil  iillrtisonu  At  least  a geo- 

inelric  il  not  .i  genetic  correlation  between  residual 
strains  l.ihric  .uul  iilii.isoiiic  dat.i  has  heen  demon- 
siraied  loi  B.iire  (n.inite  [^)  l ltr.isonu  velocitv  and 
alienu.ition  d.ita  wue  published  hv  Hiir  ( t ill  [ 2]  and  the 
corresponding  l.ihric  dat.i  hv  Will.ird  .ind  MeW  illi.ims 
( 4 1 Kesidii.il  siiaiiis  were  determiiu'd  hv  means  of  \-rav 
method  from  two  oriented  discs  from  the  same  block  ol 
the  gi.imie  as  iitili/ed  hv  tlie  .ihove  winkers  Ihe  \-r.n 
d.ila  iiulic.iie  llie  lesulu.il  sit. mis  are  homogeneouslv  dis- 
tiihuted  in  the  rock  .it  le.isl  over  the  scale  ol  the  two 
discs  (5  cm  di.i  « I cm  thick)  The  average  m.igniludes 
ol  the  prmcip.il  sir. mis  eqii.ile  to  a large  dilTerenli.il 
stress  (n,  n,)  ol  .ibout  '40  bars  The  oi leiiialions  iif 

the  pinicip.il  sir. nil  .ixes  are  each  within  20  of  the  prm- 
cip.il  .ixes  o|  the  fields  ol  rel.itive  .impliltide  and  velocitv 
deiei  mined  hv  ultiasomc  measurements  Moieovei.  the 
greatest,  inter  medi.ite.  .ind  least  pruicip.il  elongiitioris  of 
the  si.iie  ol  residii.il  str.iin  correlate  w illi  the  low  (/,),  and 
medium  (.'/)  ind  high  (//)  axes  ol  the  ultrasonic  s\ni 
nieiiv  lields  In  .uldition,  the  'rill'  ol  the  rocks  parallels 
ihe  II  \l  s.mmetiv  pi. me  which  corresponds  to  the 
pi. me  .mil. lining  the  le.isi  and  inleimediate  principal 
elong.ilioiis  ol  the  st.ile  ol  residual  siiain.and  the  lensile 
hieakiiig  siieiigih  i-  mimm.il  p.irallel  to  / .ind  the  giea- 
test  priniipal  elmig.ilion  | '1  I he  directions  ol  the  till' 


.ind  minimum  tensile  stiength  .igree  'wilh  [m.lu lions 
tioiii  knowledge  ol  the  piesti.mi  jti]  I xcelleril  .igiee- 
iiieiit  thus  exists  between  the  \-rav.  iilli.isomc.  ind 
strength  testing  data  lor  the  H.uie  < ir.mite 

OlfSf  K\  VI  ION \l  KI  SIMS 

( luii'i  mil  iirunilc 

I iiiiij'imiliiin  Ihe  ( h.iico.d  (u.iiiile  St  ( loud  Mm 
nesot.i  lalso  k now  II  .IS  the  St  ( loud  ( ii.iv  ( iiailodioi  ilel. 
IS  .1  iiussixe.  d.irk  blown  to  daik  gi.iv  ui.modioi  ile  con 
sistiiig  ol  .'S",,  pl.igioclasc  leldsp.ii.  l(i' ,,  orihocl.isc.  21  ' , 
cjuarl/.  12",,  hoiiihleiide  and  , hiotite  Ihc  feldsp.iis 
.ire  someuh.il  alleied  and  cont.ini  .ihuruianl  exsoliition 
lamellae  Mealed  microlractuies  .iie  conspicuous  m the 
cju.irt/ .md  leldsp.ir  ( ini  in  si/e  r.mge  is  fioni  • n|  to  In 
mm  .md  averages  .ibout  I mm  \o  conspicuous  m.iero- 
fi.ictures  occur  .it  the  surlaccs  ol  the  block 

Kesiiluul  sti'iiin  The  two  polished  surlaces  rei|uired 
lor  the  \-iav  stiulv  ol  the  resulu.il  slr.mis  in  the  qu.irl/ 
of  the  rock  were  piepaied  lioiii  .i  s-cm  di.i  coie  t.iken 
from  the  Y/.  surface  1 he  six  sets  ol  principal  sti.mi  .ixes 
that  result  from  the  .inalvsis  (4(  arc  lighlli  ync.ipctl  in 
space  (1  ig.  lai  indicalmg  the  siraiiis  m the  quart/  are 
slatislic.ilh  homogeneous  Ihe  sir.mis.iie  small  with  the 
greatest  ('ll  incipal  elong.iliori  eipial  to  20  ■ In  ' lexten 
sums  are  positive),  .md  ihe  intermediate  and  least  elon- 
gations equal  to  'S  , 10  ' and  bS  . |ii  icspect- 
ivelv 

/■'riurun  inii.sorro/o  1 hree  miiuialb  pet pendicular 
sets  of  oriented  discs  (2  ''4  cm  di.i  • I 4 cm  thick)  were 
prepared  for  pomi  loadmg  tests  designed  to  iletect  It.ic- 
luie  .inisotropv  .md  lel.itive  tensile  stiength  .misi'tiopv 
(b)  f ach  disc  IS  lo.ided.  uncoiihiied.  between  opposed 
ball  bc.irmgs  until  it  tails  bv  the  development  ol  one  or 
more  lensile  hactures  Ihe  lo.ids  .ire  .ipplied  at  iiiicon- 
irolled.  but  not  wulelv  v.irvmg.  lales  with  .i  Ifl.ukhawk 
r.mi.  the  load  at  l.iihiie  l ♦ ^ psi)  is  lecouled  on  a Iteisc 
gauge  equipped  with  stop  valve  Mtei  each  set  ol 
oriented  discs  is  lo.ided  to  lailurc  the  a/imuths  of  the  in- 
duced tensile  Iraciures  .iie  measured  along  the  t.ulius  of 
each  disc  relative  to  the  coordin.ite  .ixes  The  a/imuih  of 
diametral  fracluies  is  measured  sepaialelv  .dong  each 
opposing  radius,  .md  II  the  a/miuihs  ditfei  bv  oi  more 
two  fi.ictuic's  are  counted  V plot  ol  Ir.ielure  .i/nnuths 
lor  e.ich  set  of  simil.irlv  oi  lentcil  illscs  tf  igs.  lb  c.  .mil  dl 
piovides.i  me.isure  of  the  fracture  .imsoiropv  D.ita  for 
the  discs  ol  Ch.uco.il  (iianiie  .iie  listed  in  lable  I No 
signitii.ini  strength  aiiisotiopv  exists  lot  the  three  dirc*c- 
tions  of  point  lo.idiiig  Ihe  or  lent.itioiis  ol  tlic  induced 
tensile  Iraciures  (their  .i/imuths  lehilive  to  cooidmaies 
in  the  pl.ine  ol  e.ich  disc). ire  wulelv  diveigent  m .dl  three 
sets  of  discs,  but  there  .ire  staiisiii.div  signiltc.ini  group- 
ings ol  hactures  m two  sets  ol  iliscs  (loth  indicate  a 
stiong  lendenev  to  Iractuieesseiiiiallv  p.ii.dlel  to  the  \ > 
plane 

I iiln  It  I’lanai  fabi  ic  elements  ,ne  studied  tiial  might 
be  consideied  mech.imc.d  deleils  in  the  rock,  .md  ihete- 
fore.  cap.ihle  o|  inllueticmg  h.iciure  oi  Ihe  ulli.i'-onic 
d.il.i  1 1 1 1 Those  meliide  long  gi.iin  boundaries  o!  lelds- 
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• ( '.ilculaiCi!  iisinti  HcKhnunh’s  fortmila  iscc  Mc\S  illi.inis  [ li'li 

I Based  upon  /■"  goodness  ol  ht  icsi  of  itie  a/imnths  o(  induceil  lensde  fiaelures  as  eompared  lo  a unifmni  disiributum  ol  a/iniuUis  le  g 
see  f ig  ! b e d I 

; I laelute  iraic  diagiain  iPig  4bl  shosss  lonsiderable  seallci  hut  a sigmtieanl  grouping  Tn  lo  \ ) plane  tlseiall/'  salue  d<'es  not  indicate 
this  grouping  is  significant 

t A second  set  of  fO  discs  scetc  lest  d to  check  on  reproducibilitv  of  teiufencc  for  fracliircs  to  form  parallel  lo  A / plane 


p.irs.  (IXXll)  clc.isaj’c's  of  bmiiK'  crssials,  hcttlccl  micfo- 
(racturcs  priinarils  in  cpiart/  .irul  feldspar  cxsolution 
lamellae  and  (010|  cleavages  in  the  feldspars,  and  alhite 
and  rnicroeline  iwin  lamellae 

I he  a/muiths  t,l  the  traces  of  lung  gram  boundaries 
are  somewhat  pieferrentiallv  oriented  in  each  ol  the 
three  multialK  petf'endieiil.ir  thin  sections  cut  from  the 
block  ll  igs  le.  I.  .Old  gi  1 he  orientation  is  stiongest  in 
the  thin  scclioii  parallel  to  the  V/  plane  (1  ig  If)  where 
the  gram  boundaries  .ire  siihpaiallel  to  the  A >' plane 
There  is  .i  f.iii  degiee  ol  ei'rrelation  between  the 
Ol lentalioiis  of  the  long  giain  boundaiies  and  those  ol 
the  induced  tensile  (ractures  (compare  l ig  lb  and  f e 
and  g.  d and  e) 

Ifiotite  cleavages  .ire  randomly  lUieiuod  tl  ig.  2al.  as 
are  the  tOKH  cleavage  planes  of  the  fdds(i.irs.  and  the 
feldspar  twin  lamellae  (bigs  2b  dl  Mierolraclures  ind 
evsolution  lamellae,  on  the  other  hand,  are  prelerten- 
tiallv  concentrated  subparallel  to  the  VVplaiie  (figs.  2h 
ande)  Diese  elements  are  laiidomly  oriented  in  the  thin 
section  parallel  to  the  V V plane  (1  ig.  2dl  I hus  the 
oricnialioti  trends  of  the  mierolraclures  and  cxsfiluliofi 
l.imellae  (ollow  those  ol  the  induced  tensile  Iratlures 

/ riiii.scyruiiiifiir  rifm/rinm/iir  Iriuiurv  Twenty-two 
tensile  Iractures  1 1 T cm  long)  lormed  in  the  point  load- 
ing of  10  discs  are  stiulied  in  ihm  section  lo  determine 
the  p.ilh  of  ilie  (racture  through  the  rock  for  each  frac- 
ture ifie  disi.meo  increments  wilhm  gi.ims  fti.insgraiiu- 
lai  f and  a tong  gram  hourut.iiies  imfergr.inul.ir)  aie  mea- 
sured m .1  thm  section  cut  perpi  iidicul.ir  lo  (lie  Ir.Klure 


surface  Vkill.iicl  and  McAk  illiams  jll]  found  that  ihe 
Iraii.sgraiuilar  miergi.inul.ir  r.ilio.  |T  I).  weighted  lor  the 
ahundanceot  the  consliiueni  minerals,  is  inversely  pro- 
poriumal  lo  loading  rale  ( harcoal  (iranite.  I nweighied 
1 1 ratios  lor  the  22  fractures  studied  here  range  from  I ^ 
lo  24  and  .iver.igc  Hg  Thus  li.icluring  wiihm  gr.iins  is 
almost  SIX  limes  more  liecjueni  ih.in  along  gram  boun 
daiies  It  lollows  that  fabric  elements  internal  to  the 
grams  rathei  than  the  giam  houndaries  are  more  apt  to 
conliol  fracture  orientation  in  this  rock 

I liraMinic  dtihi  The  .tverage  velocity  ami  alieiiuaiion 
fields,  determine  from  four  to  five  spheres  [2].  are  shown 
m fig  T for  Ihe  ( harcoal  (iranite  the  veliKity  field 
(fig  IS  neaily  axially  symmetric  about  the-  / coor- 
dinates axis,  the  axis  of  minimum  velocity  (between  4-7 
and  4 S km  sec).  Velocities  parallel  to  the  A V plane  are 
nearly  the  same  (‘'(>5  lo  MO  km  sec)  with  a maximum 
suhparallel  to  > T he  aver.ige  velocity  is  well  below  that 
of  a relalivelv  unlraclured  gr.inodiorile  T hus  the  rtxk 
can  be  ex|x-cted  to  have  .ibimdant  mierolraclures.  1 he 
velocity  pattern  suggests  a strong  set  of  nicrolraetures 
per(Kndicular  to  the  / axis  w ith  a possible  weak  system 
(X’rixmdicular  to  the  V axis. 

Allenu.ilion  symmetry  is  similar  to  the  xelocilv  sym- 
metry I he  formei  .ilso  suggests  a strong  set  ol  micro- 
Iractures  nearly  per|x-iuhc'ular  lo  the  /.  .ixis  I hi'  good 
signal  in  the  f direction  and  |H>or  signal  m the  \ direc- 
tum suggest  a sc-coiul  set  of  mierolraclures  (oi  similar 
defects)  with  poles  in  the  \ ilireclum  and  planes  parallel 
to  the  ) axis 
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Kcsuiua!  SlNun  in  Rocks 
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\ IK  J Dugrams  oriental  inn  of  planar  labru.  dements  in  ( Itaieoal  ( nanite  I >a  la  arc  ploiirij  in  lower  hemisphere,  estu.il 

.ire.i  proicelion  l.ii  ( omposile  diagram  of  normals  to  ifiotll  | eleas.iges  in  figt  hiotile  srssl.ils  measured  in  three  mulualls  per 
{semlKiilar  thin  see  lions  Par  iiaf  di.igrarns  lb.  s.  and  dl  show  the  or  ienl.it  it  ins  of  nornials  mKrtifr.isliires  ■ teldst>ai  es  solution 
l.imelfae  \ feldspai  lOIOt  cleavages  A.  feUfsp.ir  albile  twin  lainell.ie  • .ind  miertH.fme  twin  lamellae  . as  measured  in  thin 
sect. on  cut  p.iT.illel  to  the  \ / ) / .ind  \ ) pl.incs  res(seslisel\  In  ibi  the  niiinber  ol  d.ita  pritnls  .iie  *rs  ■ xj  . , fi4  A .ind  'll 
• .ind  In  Id  the  corresponding  minibers  are  H7.  bS  It)  hfi  .md  Ss  and  in  Idl  there  .ire  ^l.  hi  .W  sri  and  44  d.ita  points. 

respc'ctisels 


SlDUX  (Jtianztlf 

Di  xc  ripiiiin  I ltd  block  ol  love  porosilv.  pinkish  Siouv 
(.^uarl/iic  (2b  ^ x 2X  5 « 2.V0  ciiil  cxhihils  conspicuous 
bcililing  oricnicil  p.iriillcl  to  the  .\  > surliicc  ll  ig  I)  Ihc 
upper  h.ill  ol  the  block  is  cioss  bedcleil.  iiiul  t\so  niacio- 
Iractures  occur  paiallel  to  berkling  and  about  5 cm  apart 
in  the  lower  hall  I he  block  has  not  lost  cohesion  across 
these  Iractures 

Kcxultuil  siniiii  I he  .\-ra>  measurements  were  made 
on  specimens  Irom  .i  cm  core  t.iken  Iront  the  centei  ol 
the  .\  I surface  I’lincipal  axes  calciil.ited  from  the  dil- 
Iraction  d.it.i  are  stionel>  >:rouped  1 1 ig  4al  suggesting 
the  obsc-rved  residual  strains  aie  leasonablv  homo- 
geneous with  the  aie.is  sampled  I he  observed  state  ol 
residual  strain  is  chaiacteri/cd  bv  the  giealesi  elonga- 
tion (average  ol  MHl  r III  ' (oiiented  subparallel  to  \. 
Ihc  inleimcdMle  piincip.il  .ixis  (5  x Id  ' I subpaiallel  to 
Y.  and  the  least  elongation  ( - K5  x 11)  a compressive 
strain),  subpai.illel  to  / I hus  the  princip.il  .ixes  ol  the 
residu.il  strains  as  me.istired  bv  ,\-r.i>s  are  nearlv  coinci- 
dent with  .X . > and  / 


/ rill  lure  iini.sniropi  I'oinl  loading  tests  on  three 
muluallv  pei[U'ndiculai  sets  ol  c|u.irt/ite  discs  indicate 
that  the  induced  tensile  Iractuies  lend  to  loim  nearlv 
parallel  ic<  the  \ ) \ /.  and  Y/  planes  (I  igs  4b.  c.  and 
d.  and  I.ible  it  In  s[nie  ol  this  strong  Iracture  aniso- 
iropv  the  dilierences  in  coiresponding  average  tensile 
strengths  aie  small  .iiul  .iic  not  statistically  sigmlicanl 
( Table  1 1 I he  strongest  amsoliopy  is  p.irallel  to  .V  ).  the 
bedding  pl.ine.  next  lh.it  subparallel  \ /,  and  least  that 
siibp.ii.illel  to  Y/ 

hihnr  I he  app.iteni  long  axes  of  elong.ited  grains. 
Iiuig  gram  bound.iries.  civsi.iHogi.iphic  i-axes.  and 
delects  within  the  gr.iins  n.imelv  microlraclures  and 
delormalion  lamell.ie  were  inveslig.ited 

In  the  Sioux  Qiiarl/ite  Ihc  apparent  long  axes  ol 
gi.ims  with  apparent  long  to  shoit  .ixi.il  ratu's  *2(1  are 
essentially  paiallel  to  the  long  gi.im  boundaries  I'he 
oiientation  ol  these  long  .ixes.  as  viewed  in  thin  section, 
.ire  statistically  paiallel  to  bedding (Fig.s  4eand  fland  the 
/>  pl.ine  (I  ig  4g).  1 he  long  .ixes  .iiul  boundaries  thus 
parallel  two  ol  the  thiee  diiections  of  pieleried  tensile 
liactiire  d igs  4b,  c.  and  dl. 
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I i{(  5 f abric  Jat.i  for  Sioiir  (^ii.ir(.rilc  la  c)  and  Berea  Sandstone  Idl  Ml  d.ita  aie  pUilted  in  equaKtre.i  lossc-r  hemisphere 
pristeciion  ta|  1 MKpiarl/  e-axrs  Ibl  ( omposite  diagram  ol  normals  to  i 70  sets  of  hcaleii  miciolraeturcs  tel  ( omposite  diagiam 
of  normaU  to  2tf0  sets  of  ito.iit/  deloimation  lamellae  ( imtouis  .tre  at  0 ^.  2 -f  0.  and  ‘r  0 per  1®^,  area  b®.  inasmuiin  Idl 
Orientation  of  normals  to  I VI  sets  of  mierofraeturesl.V.  Tor  more  parallel  inierofrai  lures  |h-i  si  ii  and  Xh  sets  of  quart/  defornia 

lion  lamellae  !•! 


I he  ( -axes  of  the  ifudrl/  }>i.iins  .tie  i.indomly  oriented 
(h  ig  Sa)  I hus  no  tinisoiropie  behavior  of  the  rock  can 
be  atlribiiled  to  a preferred  cystallogiaphic  orientation 
ol  the  qtiarl/  grains  themselves  I'he  giains  contain 
planar  defects,  however,  that  could  influence  the  physi- 
cal behavior  of  the  rock  These  arc  healed  microfracturcs 
.inddehrrmation  lamellae  The  former  are  fractures  with- 
in individual  grams  .dong  which  impurities  are  concen- 
trated and  across  which  ihere  has  heen  chemical  rebond- 
ing  No  fresh,  unhealed  mierofriieturcs  arc  observed  I he 
mierofraelures  however,  are  oriented  diffusely  and  no 
statistically  signilietint  concentration  of  lumnals  to  mic- 
rofraetures  oeeni  s (h  ig  ‘ibi 

(,7uari/  deformation  lamellae,  known  to  be  plantir 
eoneeniialions  o)  dislocations  and  impurities,  are  abun- 
tlanl  These  features  exhihit  a prelerred  oiientaln>n  such 
that  they  tend  to  lie  at  angles  < ^0  to  the  bedding  plane. 
,V  >;  If  ig  Vl  Most  of  the  griims  containing  ileformalion 
liimellai  .ilso  exinbil  tindul.iloi y exfinetion  ll  is  not 
known  to  whai  exicni  ileform.iiion  lamellae  act  as 


poieniiiil  mech.iniciil  delects  m giants,  but  it  p known 
that  iindulose  giants  .ire  pielerenti.illv  Iraetuied  in 
experimentallv  deittrmal  quart/  s.ind  aggregates  [ 12)  (p 
I7S). 

/ rmi.M/rumdur  iiih  niriwuhir  fhii  luro  I he  I I ralms 
along  eight  tensile  fr.ieUiies  indueetl  in  three  qu.irl/ile 
discs  by  point  loading  were  measuretl  lo  deleimine  it  this 
ratio  would  vary  with  Ifaeiure  iirieni.ilion  and  or  load- 
ing direction  I 1 ratios  vaiy  fiom  I ()  to  2 b with  a tend- 
ency for  the  lower  ratios  lo  occur  along  Iraetiires 
oriented  parallel  to  bedding  (the  \ 1 plane).  I his  obser 
vation  along  with  the  overall  smaller  ratios  as  compared 
with  the  Charcoal  (ii anile  suggest  th;it  gram  boundaries 
pliiv  a l.irger  role  in  ihe  Iraeture  of  the  i)ii,ii  t/iie  ih.in  the\ 
do  for  the  granite 

I l/iiisiinii  iltihi  I he  average  tillrast'me  velocity  field 
for  the  Sioux  („)uarl/ite  htis  tutlutrhombie  symmetry 
with  the  minimum  veli'eily  (4 ')  *'  ('  km  see)  parallel  tv' 
/,  the  mtermedi.ile  veloeiiv  2ll  *i>  clockwise  Irom  ) in 
Ihe  V V pliine,  anil  the  axis  ol  greatest  vclv'cilv  ( •*'  4 
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2 in  \1  I tk'ilm.in 

kfiisiviJii  in  cUkkvMv.' Iinm  \ U iL’  il'l  I III 
\i'U>iiU  In  muili  louii  ili.iii  tli.il  I'vix'ili'il  111!  imtr.u 
Uiiiil  i)u;iii/iU‘  naIuiIi  nuujiinIn  ilii'  roi  k tMiii.iiiiN  .ilnin 
il.ml  mill  oil. iiluiiN  I loni  llii  mIouIi  p.iikin  oiii 
uoulil  pu'iliil  .1  nIioiii;  Nil  111  mil  I oil  .iiliii  ,N  oi  nilui 
pi,  1 11.11  ,1  111  NO  1 1 op  \ |>.ii  .illi  1 lo  \ I III  I 111  hiiKliiig  pl.iiiii 
ami  iictliapN  .1  niioiuI.ii)  niI  o|  miiroli .iciiiiin  incimiil 
.11  2l>  'll  lo  ihc  \ / pl.iiii 

I hi  .iiiimi.iiioii  p.iilini  IN  .ilmoNi  lubn  m Nymmiin 
II  ii  'll  I 111  p.tiuiii  111  iiiiiiN  ol  Niiii.il  ampliUidi  '..III 
aiioiiN,  NiigtiNiN  a m.iioi  m.  i ol  miiroli  .iiliiiiN  or  ihi  hiii 
il.iig  pl.iiii  Ol  iiniid  pii  piiiiliiiil.il  lo  ilii  / .1  VIS  rhi  p.il- 
lull  .iIno  NimjiiNiN  um'  oihii  siiN  ol  miirolrailiins. 
oniiilid  p.ir.illil  to  itii  >7  .iiid  \ / pl.iiiis  ( hi  hiNi  sig- 
n.iK  ,in  iraiiNinillid  .iloiig  ihoNi'  diriilioiiN  lor  w huh  Ihi 
diriilioM  lONiniN  Irorii  \.  > .mil  / .in  itpi.il  Ihisi' dir 
iiiioiiN  an.  ii|iiiv.iliiii  lo  ihi  lorniiN  ol  a iiibi  wIioni 
laiiN  an  p.ii.illil  lo  ihi  ihrii  niIn  ol  miiiiiallv  pirpin- 
iliiiil.ir  miiioltailiiriN  OI  Nomioihii  loimol  mich.imial 
.iniNoiropv 

H,  rt  ii  S,inJ\inHi 

Pi  Si  ri/'iiiin  Ihi  bloik  ol  lima  S.iiiiInIoiii  miaNiiriN 

1 . 2d  4 - 21  4 im  ioih.iiiin  no  mairoNiopii  Irai- 
liiriN.  and  ivhibiiN  ihin  I i 1 n mini,  disiinil.  bidding 
l.imin.ii  p.ir.illil  lo  ihi  \ ) Niirf.iii  Thi  roik  in  .i  gn\. 
hni  gramid  viiidsioni  iinidi.in  grain  ni/i  aboiil  0 2 mm), 
wiih  22  pii  iini  poiONiiv  IlN  Ir.imiwoik  grains  lonsisi 
ol  1)11.111/  i'll  pit  iinii  I'olyiivst.illini  i|iiaii/osi  roik 
fr.igminiN  (2''  pir  iiiiil.  .ind  lild.sp.ir  (‘i  pir  iinl)  liilir- 
siiiial  an. IN  loniain  il.iv  and  somi  lalcili  iimtnl  in  a 
r.ilioof  ’ I.  rispi'iinilv  Hiddmg  in  manifisl  hv  dimin- 
sion.il  .ilignmini  c>l  dilril.il  grams  ll  igs  bl.  g).  ion- 
iinlraiioriN  ol  Inn  ililiiiiiN  .iiid  ol  hi.ivy  mmiiaiN  1 hi 
n'lk  IS  mdiii.iiid  piiiii.iiilv  b\  |iriNNiiii  soln  and  ovir- 
growihs  .11  i)ii.iri/  ijiurl/  gi.iin  loni.iiis  I hose  vary 
Ironi  poinls  to  siilinid.  iiiosi  ,iri  l. iiiginli.il  I In  diliil.il 
gii.nl/  gr.iiiiN  loni.iiii  si'ini  diloi  in.iiion  l.tmill.ii  .mil 
hialiil  iniirolraiUinN  bill  viiv  liw  lush  iiiihialid  mil- 
rolrailiiriN  .in  obsi-i  vid  in  Ihin  niiioii 

Ki'siiluiil  stiiiin  I III  nsiilii.il  Nil. nils  win  miasurid 
Iw  III  I hi  liiNi  m ol  dal.i  IN  liom  .i  S im  iiin  l.iktn  lioiii 
ihi  lowir  lili  loriiir  ol  ihi  )'/.  siiilaii  ll  ig  b.i)  and  ihi 
siiond  Nil  IN  lioiji  .1  nil  lori  l.ikin  Irom  ihi  niiililli  ol 
Ihi  \ \ Niirfaii  Simil.ii iiiiN  .mil  di/liriiiiis  biiwiin 
lliiNi  two  Noliiiioin  in  .in  follows  ( 1 1 ihi  )'i  iniip.il  siram 
.nisfrom  ihi  )7ionan  iiuiri  iiglilly  gniii(H'd  ih.in  an 
IhoNi  Irom  ihi  \ ) ion  Niiggisting  .i  somiwhai  highir 
digrii  ol  homogiiiiiiv  for  Ifii  lormii.  |2)  magniliidiN  ol 
ihi  .iviragi  (iriniip.il  nIi.iiiin  an  in  nasoii.ibly  good 
.igniminl  in  lighi  of  ilii  i 20  ^ 10  aiiiiraiy  ol  ihi 
liihniqiii.  and  I i|  ihiii  aviiagi  oi nnl.ilioiiN  an  nol  lo- 
iiiiidiiil  hill  iliiv  ilo  III  III  Nimil.ii  i|ii.idi.iiilN  I III  gn.il- 
inI  ilongalioiiN  I ■ I .in  .ii'.iii  .ind  Ihi  inlii midi.ili 
I I .ind  ihi  l.isl  iloiig.ilioiiN  I#)  an  i.iih  .i|i.irl 

Mlhoiigh  ihi  dill  -niKiN  biiwiin  ihi  iwo  hIn  ol  \ r.iy 
mi.iNiinminlN  .ni  Nigiiilii.ini  ihi  .igniminl  lhal  dois 
iviNl  NiiggiNis  ihi  ii'iilii.il  Nii.iiiiN  III  Ihi  bloik  an  nol 
loi.illv  liiiiroginioiiN 


.iiid  I K liiii 

Ihhltiii  ijiiisiiini/u  l‘oinl  lo.nling  lisls  on  ihni 
mulii.illv  (VI  I'liidii  iil.ii  Ni  ls  ol  Ol  iinlid  disis  lakiii  h om 
tin  bloik  indii.iii  .1  siiong  iindiiiiv  loi  ihiioik  loli.ii- 
Inn  III. 1 1 In  |'.ii  .illil  lo  biildmg  I \ 1 pl.ini  l.  .iml  lo  .i  lissii 
. vi.  III  I'.n.illil  lo  llii  \ / (il.ini  (I  igN  lx.  ll.  .md  i .md 
I di'i  1 1 I III  loi  mil  In  .iNNOii.iiid  w illi  niimmiini  iiii.ili 
Nil inglh  I 1 ibli  1 1 

I iihi  ii  \n  (oi  (III  1)11.11  i/ili,  f.iht  n iliniiiilNili.il  mighi 
nilliiinii  ihi  miih.inic.il  .mil  phvNii.il  pio]iiriii>  ol  ihi 
liin.i  S.iiiilNioni  win  sindiid  in  dii.nl  Ihi  niosi  ion- 
N)'iiuoiiN  .ind  mlliiinli.il  ol  ihisi  is  ihi  Nidimini.ii  v bid- 
ding ('riMoiislv  diNirihid  ()lhir  ilimiiilN  niviNlig.ilid 
miliidi  ap)iarinl  long  gi.im  .ixis  quail/  i -,i\in.  ,ind  m- 
Ii.igi.iniil.il  difiilN  miiiofrailiniN  and  qiiarl/  dilor- 
m.iiion  l.imill.ii 

I 111  a)'|iarini  long  .ivis  ol  ihi  diirii.d  giaiiis  ,in  sun 
111  linn  Ni'iiion  rillici  noi  only  ilii  oiiiniaiioiiN  ol  ihi 
ilong.ili  gr.iins  bill  .lUo  ihi  lorriNj'oiulmg  long  gr.iin 
hoiiiul.iriiN  .ind  .idi.iiinl  ilong.iiid  iniirNiiii.il  .in.is  I hi 
hiai  ingN  ol  ihiNi'  long  .i\is  loi  gi.iiiis  w iih  .q'p.irini  long 
lo  nIioi  I avi.il  I .ilio  ol  ■ 2 O .in  siiongly  oi  imlid  p.ir.illil 
lobiddingil  IgN  Ilf , Hill  gl  \\  illim  ihi  bidding  j'l.iiii  liny 
.ll  i Nomiw  li.ii  ol  iiniid  .dong  ihi  \ • 4'  diriilion  ( I ig 

bill  ll  IN  Nigiiirn.ini  dial  ihi  liiisili  li.iiluriN  mdiiiid  by 
|Somi  loaiiing  noim.il  i>i  ihi  \ ) plain  .in  (sai.illil  lo 
Ihi  \7  pl.ini  and  .ippi.ii  lo  ignon  iln  iniid  ol  iln 
.ip(ianril  long  avis  .dong  (In  \ ■ 4.n  dniilioii  ll  ig 
In  and  hi 

( rislallogr.q’iiii.dly  Iln  i)U.iil/  gi.inis  an  laiiilomly 
Ol  iiiilid  I nol  iIIunIi  .iiiill  \boiii  44  |nr  iini  ol  iln  h.mn- 
work  quai  l/  aiui  tilds)',!!  grams  .in  uiuliloi  mid  4I  (iir 
mil  loniam  hi. did  miiiolrailiiriN.  .iiiolhii  ^ )vi  mil 
ixhibii  Irish  mill  oh  .iiUiriN.  4 (sii  iini  loni.uii  ililorma- 
lion  lamill.ii.  and  > |ni  mil  ixhibil  iwiii  l.iiiiill.n  I hi 
miirofi .iiluris  and  qu.iil/  diloi  m.iiioii  l.imill.ii  an  i.in- 
domly  orniilid  1 1 ig  ^di 

I i iwsi/i  iiiiiihir  mh  i iiriiiudiii  ihu  (iiri  I In  linsili  Ir.ii- 
(iiriN  mdiiiid  by  (loinl  lo.iding  )'ro(i.ig.ili  inlirgi.iiiu- 
larlx  almosi  ixilusivily  I his  holds  loi  li.iiiuriN  )i.irallil 
Ol  noriii.il  lo  bidding  Aiioiiiinglv.  tin  I I i.ilio  is  /no, 
,ind  lailoiN  ih.ii  inlliiinci  tin  li.iilun  .iiiiNOlropy  musi 
also  hi  iiilirgi.iiiul.il 

( liriisitiui  ihiiii  I In  uliiaNOiiii  viloiity  .ind  .iiliaua 
lion  il.il.i  for  till  Hi'ii.i  S.iiiiInIoiii  ivhibil  in.irlv  niiiiiI.ii 
Nvmmilrv  iliminiN  |I  igs  .ii  .iiul  I iin|1ii1i\i1\ i I hi 
ni.iior  dilliniiii  is  ih.ii  ihi  nimimum  viloiiiy  • 2 7U 
km  Nil  IN  inilmid  .ii  2n  'll  lo  / wliiii.is  ihi  minimum 
aiiij'litiiilc  signal  loiiiiiilis  with  /.  (ktlniwisi  Iln  ('laiiis 
of  liigliisl  .ind  lowiNi  viloiily,  higllisl  and  lowisl  .iiiipli- 
Hide,  and  Ihi  \7  (il.iin  .in  wiihiii  20  of  bung  p.ii.illil 
I 111  inlirmidiali  viloiiiv  is  uiiinnd  lO  to  I.  but  tin 
ovir.ill  Hind  of  ilii  nlaiivi  .impliludis  siiggiNts  ihi  in- 
lirmidi.ili  alliiiualioii  is  inilinid  .il  '0  to  >.  i.i  40  lo 
ihi  mtirmidi.ili  viloiiiy 

Iln  miiiimiim  viloiiiy  .iiid  nl.ilivi  .iiii('liiuili  ni.iily 
)i.ii.illil  lo  / nlfiiis  ihi  miih.inn.il  .iiiisolrojiy  ol  On 
Nidinnnl.ii  V bidding  (\  ) I'lanil  Iln  iniii  midiaii  vil- 
oiily  .md  nialivi  .inq'liliidi,  boih  siibj'.ii.illil  lo  I.  siig- 
giNi  ,1  Mioiul  hut  wi.ikii  Nil  ol  ililiils  Ol iinlid  iii.irly 
I'.n.illil  lo  On  \/  I'l.iin  I 111  l.iigisi  viloiitns  .md  Inst 
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K.  >i(lii.il  III  l<oi.ks 


sijiiul  u.'iiKl  I'c  .iliMii:  iIk’  mill  vclii'M  nt  ilk-  iui>  sets  i>l 
iIcKk  Is 

l)|S(  I SSION  ()1  Kt  SI  I IS 

Ilk'  icMilu.il  slt.iiiis  li.kUui'  .inisoti iip\ . lahriL.  .nut 
iillt.iMink  \i.'UkU\  ,iikl  .illcmi. Ilk'll  m hlikks  ol  t hji- 
(.11, il  (ii  .iniU'  Sk'iu  (,)ii.ii  t/ik'  .mil  Ik  ii-'.i  S.iikisli'ik' 

ikl\c  sUulkkl  III  dcUTinilk'  l.il  ilk-  i-.UIsC  .llki  clkcl 

icl.itions  .mu'iii;  ilk'si.'  .iiiMlniii.'s.  .iikl  ihi  lo  wlul  ikiii'k' 
.1  k ik'i'i Iciliic  ol  ilk’  rcMihi.il  sii.iins.  I.ihiic.  oi  Liliiasonic 
il.u.i  t.in  he  Used  lo  pudki  li.kUirc  .misoiropv  oi  oilier 
•ispeets  ol  ilie  meelumie.il  beli.moi  ol  loek'  loward 
ihese-  ends  the  dal.i  presenied  m ilie  previous  seelion  eaii 
he  s\iiilk’si/ed  hv  loeiissini!  .iHemioii  on  ihe  l.ielors  itian 
intkienee  li.kUiie  .misotiop  . .md  the  predietion  ol  lli.il 
.iilisoliopv 

( /l.lfl  Kill  < lllt'Ull- 

I’omi  lo.uliiii:  lesis  mdk.ile  .i  lendenev  lor  this  roek 

10  Ir.ieli'ie  .11  III  OI  so  ihe  \ >pl.mell  ij;s  Ih.  e.  d;  I able 

1 1 K.’l.ime  lo  llie  leskliial  slrains.  ihe  oneiil.ilion  ol  leii- 
sile  IraeUires  iiidiieeil  b\  poiiii  lo.idmu  e.m  he  piedieieel 
le  j>  I ig  1.1.  d.islied  liiiel  on  the  .issLini|ilions  lli.il  1 1 1 the 
IraeUires  will  he  eoiiliolleil  soleU  h\  lire  net  stress  held 
resuliing  Iroin  super  position  ol  ilie  point  io.ul  on  the 
sl.ile  ol  lesidiial  stress  isir.iini,  .ind  I7l  Ihe  IraeUiies  veil! 
lorm  perpeiulieular  lo  the  net  least  eoinpressiee  stress, 
IT,  and  p.irallel  to  the  net  17,17,  pl.me  |t'|  I he  point  load 
iisell  prodiiees  .m  .lei.il  eompressise  stress,  a,,  parallel  to 
the  direeiion  ol  loading  and  a tensile  stress  iinilorin 
along  .ill  rariii  in  the  plane  normal  to  the  point  Io.ul 
I tills  the  net  rr,  u ill  alw.ns  parallel  the  direelioii  ol  load- 
ing and  Ilie  net  rr,  veil!  lie  in  ihe  pl.me  ol  eaeh  dise  paral- 
lel to  lire  diieclion  ol  llie  residual  stress  that  is  le.isl  eom- 
pressive  (or  most  lensilel 

I or  llie  ( h.iieoal  ( ir.inite  il  is  elear  Ih.il  ihe  indueed 
tensile  h.ieuiies  are  inelined  .ihout  10  to  the  \ > plane 
il  llie  poinl  Io.ul  Is  applied  pai.illel  lo  either  the  ,\  or  > 
.IMS  lor  both  these  01  lenl.ilions  Ihe  average  gte.ilesi 
residu.il  elong.ilion  is  ne.iilv  |xi pendieular  to  the  .iver- 
.ige  Iieiid  ol  tlie  Ir.ieliiies  (I  ig  1 1 I luis  upon  super  pos 
mg  llie  point  Io.ul  on  the  residu.il  stiessi's  the  net  gre.it- 
esl  piiikipal  tension  |(7,i  eoineules  vvilli  the  greatest 
iesidii.il  elong.ilion,  and  Ihe  intei medi.ile  piiikip.il  stiess 
will  he  \ or  ) .is  llie  e.ise  inav  lie  Moreovei  when  the 
point  loading  is  p.ir.illel  lo  / a ne.trlv  r.indoni  p.illein 
ol  tensile  Ir.uliiies  oeem  [K-rli.ips  hee.iiisi’  the  iesidii.il 
sir.ims  Isiresses)  m the  \ > [il.me  .ire  ne.iilv  eipi.il 

( le.irl)  llie  ohsetveil  st.ile  ol  iesidii.il  sli.iin  e hillv 
eornpalihle  with  the  h.ieliire  .imsoiiopv  lli.it  is  the 
trend  ol  the  li.uliires  iiuluding  then  slight  .ingle  lo  the 
\ y plane  e.m  he  pieduled  horn  siiperposilion  ol  the 
point  loads  on  the  ohsei  veil  sl.ile  ol  iesidii.il  str.iin 

I ahrie  elemeiils  that  might  .ilv  eonliol  the  li.uluie 
anisotropy  .ire  .inv  kind  ol  honiogen.-ous.  perv.isive  le.i 
tiire  that  eoiild  si-rve  as  .1  deleel  or  pl.me  ol  meehanie.il 
disconiinuity  I he  me.isuie  ol  .111  elements'  mlUienee  on 
the  h.uUire  anisolropv  h.is  to  he’  indged  on  whether  01 


:ii 

nol  Us  Ol  k ill. Ilk'll  p.illei  n eonsislenllv  oeeui  s p.ir.illel  lo 
the  lielid  ol  Ihe  indueed  Ir.ieliiies 

( oiisklei  lust  the  ti.ues  ol  long  gi.iin  houiiilaries  .is 
ohsei  ved  in  ihiee  miilii.illv  pel peiidieiil.ir  lliin  si’elioiis 
I hese’ .ire  nol  milv  (ioieilli.il  pl.m.ii  ll.ivvs,  luil  lliev  serve 
lo  delme  the  01  leiil.ilmiis  "I  the  lelilspar  eivel.ils  wliieh 
lorm  most  ol  ihe  long  hound. 11  les  .uul  the  Io.ul  hearing 
ll.imework  ol  the  roek  I he  liend  ol  die  tensile  li.ieliiies 
when  [101111  lo.uling  is  p.ii.illel  to  1 il  ig  I hi  is  p.nallel 
lo  the  '"iig  hound.iries  in  die  \/  |il.me  ll  ig  111  Simi- 
i.irly  the  li.ielure  trend  lor  lo.uling  p.ii.illel  lo  \ (I  ig  le| 
IS  .ieei'm(umied  hv  .1  sii ong  01  ient.it  10 11  ol  long  .i\es  (I  ig 
Igl. 

However,  the  tensile  Iraeiuies  .iie  si.itisiie.illy  random 
when  loading  parallel  /..  Il  ig  Id,  l.ihle  It  Ihe  eorre- 
s|7oiiding  long  hound.iries  are  se.illered  allhough  some 
are  elustered  .il  sm.ill  .ingles  to  Ihe  >/  (ilaiie  Ilius  lor 
Ivvo  ol  the  tliiee  lo.uling  direelioils  ihe  Ir.u  lures  do  lol- 
lovv  the  ir.ices  id  the  long  gr.mi  hound.iries,  and  when 
the  gram  hound.iries  are  se.illered  so  are  the  mdueeil 
tensile  fr.utures  -Neei'idinglv  Ihe  long  gr.mi  boundaries 
e.miiol  he  exeluded  Ironi  evereismg  eonirol  on  the  Ir.u- 
lure  .misolio|iv  even  ihrougli  the  high  Ir.msgranular-to 
mtergianular  r.ilios  suggest  that  lahrie  elements  intern. il 
to  the  grains  rather  ih.m  grain  boundaries  are  more  apt 
lo  eontrol  fr.ielure  orientation  in  this  roek 

Intciiuil  to  the  grams,  the  rnicrolraelures  and  evsolu- 
tion  l.miellae  .iie  the  only  tv|ves  ol  planar  deleet  that 
evhihit  piefeired  orientation  II  igs  2b,c,.inddl  Ihevare 
strongly  oriented  (larallel  lo  the  \ ) pl.me  and  somewhat 
less  so  [larallel  ,\  / and  )/  planes  \eeoidniglv  these 
|d. mar  elements  also  could  eonirihuie  to  the  strong  Irae- 
ture  .misoiropy  p.nallel  lo  \Y 

In  summarv,  the  tr.ielure  amsotropv  in  the  Charcoal 
(ir.mile  eould  he  caused  by  one  or  moie  ol  three  factors 
Ihe  residii.il  siraiiis,  the  oriented  framework  ol  leldspar 
crystals  as  me.isured  through  long  gr.mi  boundaries,  or 
by  iniragraiuilar  defects 

SiKii\  ()iiiirl:ih- 

lerisile  fr.utures  m this  roek  lorm  preferrentiallv  (xir- 
.illel  to  the  original  bedding  \ > .md  nearly  p.irallel  to 
the  \ / .md  I'/ (daneslligs  4h  c.mddi  -Xgaiii  possible 

c. iusiiive  laetoisare  sought  in  the  residu.d  sir.mis,  anil 
the  rock  l.ibru 

I he  residual  sir.mis.md  |iredieled  Ir.utuie  trends  .ire 
shown  m I ig  4.1  Point  lo.uling  p.irallel  lo  / will  result 
111  the  net  it,  oriented  (larallel  to  the  \ axis  such  that  the 
indueed  li.utuies  would  paiallel  the  )'/  plane  II  ig  4a. 

d. ished  Imei  Point  loading  parallel  to  ,\  would  promote 
tensile  li.icluies  (varallel  lo  the  bedding  |.\  > planet 
iKcauseol  the  strong  mlluence  ol  this  (ilane  of  nKuhani- 
c.d  diseontiruiiiy  In  addition,  however,  fr.ieiures  would 
.ilso  p.irallel  the  \/  plane  (1  ig  4.i  solid  Imel.  because 
lor  lo.iding  p.tiallei  lo  the  net  ri,  would  lie  par.dlel 
to  ) Sitml.iily  |7oint  loading  (larallel  lo  > should  result 
III  Ir.u  lures  (i.ir.illel  to  the  V/  plane  because  then  the  net 
n , would  he  (varallel  to  \ I hese  predictions  are  eorieel 
I'll  e.u’ti  lo.uling  direction  (1  igs  4h,  e,  aiuidl  I husagain. 
the  observed  si.ite  ol  lesidu.il  sii.iin  .is  delei mined  from 
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2.^2  t I ii  ilnian  .iiut  I R Hui 


\ r.i^s  Is  UilK  in  .i^ifi'mi  iit  s',  illi  iIk  It  .is tin  c .uiisi'li  np\ 

• iikI  could  hs'  (tic  c<>nliollmL’  l.icloi  it  il  .iils  as  a pcrsa- 
si\c  prcsircss 

With  ri’uaril  U'  the  l.ibris  consnlci  tiisi  the  appatcnl 
long  giaiii  axes  (csjiiixalcni  to  hing  gram  houiuiarics) 

I Ik'sc  max  be  pai liciilarlv  imporlani  in  eonliolling  the 
Iracture  anisoliopv  in  as  nui'  li  as  the  tensile  (lastmes 
pio[iagaie  .ilong  giain  boiuHlaiies  mi  hi  psi  leni  ol  then 
length,  i.e  I I lalios \ai  v li>>m  I 7 to  2 <>  I he  long  mam 
•ixes  ileline  the  beiiiling  plane  \ > 1 1 igc  4e  .iiul  l i .iiul 
coincide  xxith  the  Iraee  ol  llu'  )'/  |ilane  11  ig  4g)  liuiecd 
tensile  fractures  do  occiii  .ilong  these  planes,  but  the 
liaciiires  .ilso  I'ccui  along  the  \/  plane  uhen  lo.uimg 
IS  par.illel  to  \ anil  .ilong  the  )'/  jslane  when  loading  is 
paiallelto  ) il  igs  4s  anddi  ( otiespoiuling  long  axes  to 
lonirt'l  ihev  tensile  Iraclures  do  not  occur  (lags  4c  and 
n Ihus  the  lon.i;  .ixes  and  assiKiated  giain  bound. iries 
do  not  bx  themselves  control  the  oiient.iiion  of  the  ten- 
sile fracluies 

F he  oiicnt.ilion  p.illerns  o)  inti .igranular  fabric  ele- 
ments also  xvomd  seem  to  elimin.ite  them  as  exerting 
controls  on  the  Irasliire  .imsotri'px  (.^u..ia,  e-axes,  a 
partial  measure  ol  aiix  ci  vst.illogr.iphic  orientation  ol 
the  grains  in  the  rock,  .rre  randomly  oriented  (F  ig  “ial 
Mso  nearlx  random  .ire  hc.iled  microfractures  xxithin  the 
ijuiirt/ (1  Ig  ^b)  Onlv  the  sjuait/  deformation  himellae 
.rre  non-random  these  pl.tnai  elements  tend  to  he  at 
about  hi  40  l > the  \>  pi. me  (F  ig  Sc|.  hut  this 
orientation  pattan  does  not  coincide  xxith  the  ortho- 
gontil  fr.ictiiie  aiisotiopx  I he  i|uatt/ile  does  not  con 
tain  .tin  other  f.ibiu.  elements  th.it  possibly  might  in- 
lluence  its  frticture  anisotropy 

III  siimm.iry,  the  (r.ictiire  tmisotropy  m the  .Sioux 
t^u.irt/ite  IS  fully  xoiisistenl  xxith  the  observed  state  of 
lesidual  sir. tin  .is  me.isurexi  by  \-ray  dillr.ictomctry 
l.oiig  gr.iin  .ixes  (boimd.ii les)  deline  bedding  and  one 
other  pl.ine  of  pielerred  liaclute  but  they  e.in  not 
.iccoiiiit  lot  the  thud  direxlion  ol  li.ietiiie  I ntr.igr.inular 
f.ibric  elements  are  either  i.indomlx  oi  m.ippropi lately 
oriented  to  inlliKiKe  the  li.icliire  .iiiisotiopx 

Hi  ii  ii  .Sum/xtoui 

I r.rcture  ainsoiiopx  i.ilhisiock  is  stionglv  contiollerl 
hx  sx’dimcni.n  V bi  dding  1 1 igs  rx  .indd)  In  .iddition  there 
IS  .1  tendeiicx  lot  the  rock  to  Iractuie  parallel  to  the  V/, 
plane  xvhen  point  lo.ided  p.n.illel  to  / (I  ig  (x.d  I xxo  sets 
ol  hi  discs  e.ich  xxcre  pomi  loaded  paitillel  to  / to 
double  chee'k  this  li .icture  trend  F he  ilat.i  .ne  essentially 
identical  .ind  onix  d.ii.i  liom  the  lust  set  .ire  leported 
(Fig  tnl.  F.ible  II  I lacliire  coniiolled  by  bedding  is 
commonpl.iee  and  liiiihei  expl.rn.ition  is  not  needeil 
F he  lenilencx  lo  Ir.ictme  p.n.illel  lo  \/  xx  hen  lo.ided 
norm.il  lo  bedding  le  .inisoiiopx  ol  bedding  is  neuti.i 
li/eil.  d<H-s  need  lo  he‘  iiccouiilcd  lor 

I he  resulu.il  sit. tins  deleiinmed  by  \ lav  ilillracto 
meirx  are  riot  conip.ilible  xxiili  the  Ir.icluie  .misoliopy 
File  pretlicled  Ir  lids  loi  the  induced  tensile  Iraclures 
IF  Igs  t'.i  b dashed  lmes|  do  not  coincide  xxith  the  \/ 
pl.ine 


ilh  reg.iid  lo  the  l.ibi  le.  the  .ipix.iren!  long  gr.im  .ixes 
.ulcijutitely  delinc  bedding  (F  igs  til  .md  gl  Vkilhm  the 
bedding  pl.ine  they  trend  nearly  (i.irallel  lo  the  .inlici- 

р. ited  Irticluie  tieiuls  Ironi  the  \ t.iy  iesidu.il  .tram  data 
Id  lags  fia.  b,  .ind  111,  hut  they  do  not  coincide  slatisli- 

с. illx  xxith  \/ plane  .■\ccordmglx  then  mlluence  on  this 
.isixect  ol  the  li.ictuie  .imsotiopx  is  d.oubtlul 

Inlei  n.il  lo  the  gi ,ims  the  r -.ixes  .n e i .mdom  i not  ilhis- 
Ii.iledl  .IS  .lie  the  he.iled  micioliactuies  .iiid  quart/ 
deloi  m.ilioii  l.imell.ie  (I  ig  Mil  I lesli.  uiihe.iled  micio- 
li.ictures  .ire  rtire.  .md  other  l.ibiie  elements  o|  possible 
mech.mic.il  sigmlic.mce  do  not  occui 

In  sunim.irx,  the  Irticture  anisotropy  (i.ir.illel  to  bed- 
ding m the  sandstone  xx. is  expected  I h.il  p.iiallel  to  the 
\/  plane  c.m  not  be  explained  by  the  residu.il  str.iiiis 
or  bx  ihe  fabric  elements  studied  F he  result-  loi  this 
rock  st;md  m marked  contrast  to  those  lor  the  giamte 
.md  x|uart/ite  for  xxhich  the  residintl  str.im  dala  ,md 
some  fabric  data  did  .igree  xxith  the  Iracture  .misotiopy 

/’redidinn  n/  the  /rui  lure  unison-opi 

In  applied  rxick  mech.inics  protects  such  .is  i.ipid  i.n 
deigiound  excaxaiion  .i  reliable  and  pi.iciic.il  method  is 
needed  lor  detecting  fractures  or  lor  predicting  mech.mi 
c.il  anisotropy  ol  the  rock  mass  ,.\boxe  it  is  shown  that 
a knowledge  of  residiud  strains  and  of  cert.iin  .ispests  ol 
the  labile  could  have  been  used  lo  preilict  the  Ir.icture 
.misoiro|iy  to  some  degiee  lloxxexer  lesidu.  l strain 
.malysesand  fabric  work  beyond  the  m.ippmg  o macro- 
scopic planes  of  mech.mic.il  discontinuity  both  leqiiire 
the  collection  .md  laboratory  analysis  ol  specimens,  and 
as  a result  neither  method  is  .ittr.ictixe  from  .i  pr  igm.ttic 
viewpoint  even  if  the  results  were  totally  reliable  Sonic 
mtei rogation  of  the  rock  mass,  on  the  other  h.md  is 
attractive,  provided  the  sonic  data  can  be  used  to  piexlict 
the  mech.mical  piopeiiies.  Hence  it  is  impo.t.ml  to 
ex. dilate  the  xlegree  lo  which  the  ulliasonie  xelocitx  and 
.itteiuiatioii  dal.i  correlate  with  the  inloi  m.ition  on  resi- 
dual sti.mi  and  fabric,  .md  m turn,  can  be  used  to  predict 
the  fracture  anisotropy  m Ihe  three  rocks 

\elocilx  data  1 1 ig  kil  lor  the  ( harcoal  (ir.mrte  sug- 
gest microfractures  are  oriented  ,it  sm.dl  .ingles  to  the 
\ ) I'laiie  Vloreover.  the  low  ine.in  velocity  suggests  the 
microfractures  are  abiiiul.mi.  1 hese  predictions  or  inter- 
pret.it  ions  are  accurate  1 1 igs.  2b,  c.  and  dl,  .ill hough  other 
iiiti  agranular  plan.ir  delects  such  ,is  cle.ix.iges,  .md  exso- 
lution lamellae  max  also  mlluence  the  velocities  F he  vel- 
ocity field  also  coi relates  w ith  the  residual  strains  deter- 
mined by  \-iaxs(l  ig  l.ii  Ihe  minimum  xelocitx.  paral- 
lel lo  /.  IS  within  fo  ol  the  .ixci.igc  gre.ilesi  piincipal 
elongation  In  that  velocity  mcie.ises  with  mcie.ising 
noi  mal  stress  (Ml.  one  shouki  expect  the  m.ixin  um  anxi 
minimum  velocities  to  coincide  with  the  least  .md  great- 
est elongations,  lespx'ctixelx.  provided  the  iesidu.il 
siiams  (siressesi  .ut  like  stresses  .icioss  the  bound.iiies 
ol  locks  luilhet  Ihe  velocities  p.ii.illel  lo  ihe  \ V pl.ine 
are  iieaily  eqii.il  as.iie  the  lesidu.d  sti.ims  p.n.illel  lo  V 
.md  ) (F  ig  ,'al  1 hus  the  xelocitx  d.il.i  .ire  in  good  .igree- 
ment  with  Ihe  iesidii.il  str.ims  .md  the  mti.igi.mulai 
delects 


a 
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Kisuln.il  Sli.iin  in  l<OLk^ 


I Ik-  .iik-iUMiuni  lu-l.itiu'  .iin|’hiiuli-i  lii  ld  l>n  iIk 
gi.imti.-  .iIm>  nula.ili.-'-  .lu-  mu-nlcil  lU-.iiK 

|K't |h  iuIk  ul.ii  li'/ll  ii;  nil  In  .ntililuni  iIk- l'OihI  sifiii.il 
111  Ilk'  Kiiu-clioii  .mil  ilk- I'oo;  ink- p.n .illi-l  li)  \ ^nyj:l-^l^ 
.mntiki  M'Hk-kh.il  ki'.iki'i  M.-I  I'l  pl.m.n  i,k-cli.ink:il  ills 
n'lniniiiik-v  |-'.n .1II1.-I  in  ilk-  )/  pl.iiiL-  I licic  k .1  ^m.ill 
tinki.-nlt.tlion  ill  mkii'li.icInu-N  p.n.ilk-l  In  ) / {\  ijis 
.iikl  ill.iikl  Ihi-ri.'  k .1  iinki-nli.ilmn  nl  ti-iisik-  luu.-lini-'. 
iic\i.-li'pi-il  p.iialk-l  10  i/kikn  ilk- itiM.N  .III-  liMik-il  |i.n 
•illi-l  III/,  ic  k Ik-n  ilk- silling  .miMiiiiips  p.n.ilU-llo  \ I 
IS  ik-nii.ili/t.-<l  1 1 ig  111) 

Ilnis  Ini  Ilk-  gi.iinu-  ilk-  nlli.isunk'  vi-likit\  .mil 
alk-iUMlinn  ilal.i  mi ri’l.iti-  i-\ailK  wilh  ilk'  ii.'sklnal 
sir.iin  .mil  l.ilii  k'  if.il.i  .mil  .is  iniisi'i|tn.'ik'i-  i.iii  Ik-  iisi-d 
In  .iianaicU  pii'ilui  ilk-  maim  .iiul  mmni  Ii.k.Uiii-  .mi 

sniinpii's 

I ni  ilk-  Sinuv  (,)n.ni/iU-  ilk'  M-Incilk-s  liclmi-  ilk'  hi'il 
limg  pi. me  \ 1 .mil  pnssihK  .1  semnil.irs  plane  nl 
meeli.inie.il  .misnliiipi  iik'lnieil  III  in  the  \/  pl.me 

I he  enmp.n.iIivi'K  Ink  .nei.ige  M'lneilk's  snggesi  lli.il 
the  I Ik  k eniil.mis  ahnikl.ml  ink  I nil  .lelni  .'s  1 1 ig  'I'l  I he 
.illenn.ilinii  il.il.i  ele.iiK  miliiale  ih.il  ihe  \ ).  )/  .mil 

\/  .lie  pnii  iiii.il  pl.ines  nl  meeh.mie.il  ihsennlininli 

II  ig  k't  I hese  inlei  piel.iUniis  .ne  enrieel  in  ihe  sense 
ih.il  ihes  aeeni.ileli  Iniee.isl  ihe  ihiee  nuilii.illi  perpen- 
ihenl.n  pl.ines  nl  li.ieline  .misnlinpi  ll  igs  4h,  e.  aiki  ill 
Himeiei.  ihe  nileieike  ih.il  llie  iillr.isniiit  J.ila  .lie  con 
Imlleil  'I'leU  h'.  miei nh .11  lines  is  meniisisleiil  kilh  the 
ihm  si'illnii  nhseri.iliniis  kliieli  slink  essenli.illy  nn 
Itesh  miernlr.ieiiiies  niiK  r.milnmU  nrienleil  healed 
mieinli.ieUnes,  .mil  .1  pielerii-il  nrieiil.ilinn  nl  ipi.iil/ 
tlefnniia Ill'll  l.imell.ie  kiihni  'n  nl  ilie  heililmg  I \ > I 
plane  1 1 igs  ''h  aii'l  ei 

Alihnugh  .e  \ i.i.  lesniii.il  ‘.iiain  il.il.i  .ire  enmpai 
ihle  k nil  ihe  li.ieline  .misnlmpi  il  lines  nnl  .igree  Inl.illv 
kiih  Ihe  nlii.isniiie  il.ii.i  Ihe  simmelii  pl.ines  nl  Ihe 
iilir.isnnk  il.ii.i  p.n iieul.n l>  ihe  .illi-nii.ilinns,  .ne  p.nal- 
lei  in  ihnse  nl  lhe  nliseiseil  lesiilii.il  sli.iins  let  I igs  'h. 
e amt  4.1I  hi'kevei  ihe  .isei.i.ce  piinup.il  le.isl  elniig.i 
Imn  I.I  inmpiessiie  sli.nnl  enim  nies  uil/i  fhe  le.isl  ve) 
neili  .mil  llie  gie.ilest  elnng.ilinti  m.ikes  .1  sni.ill  .ingle 
k nil  ilk-  l.ngesi  enmpiessinn  I hese  .ne  es.ielK  nppnsile 
In  ihe  eiii lel.il inns  Ininiil  in  ihe  I h.nenal  (ii.inne  .mil 
Harii-  ( n.imle  [ ^ ) 

In  siimm.iM  ihe  iilli.isnme  ilala  Ini  Ihe  Sinn\  (.)ii.nl- 
/iie  iln  aeein.ileli  ihsiingnish  ihe  heihlnig  .mil  Ihe  Iwn 
niher  planes  nl  riaelnie  .misnlinpi  ( )ii  Ihe  nllier  hanil 
Ihe  lelnellk  s .mil  rel.ilive  ampliliiiles  iln  nnl  enriespniiil 
In  llie  lesiilual  sir.ini  il.ila  ni  In  ,im  nl  ihe  labile  ele- 
menls  slinlieil  I his  is  pu//hng  bee.nise  the  .leniislie 
pinperlies  .Hill  Ihe  li.ieline  amsnlrnpv  ninsi  h.ive  a e.nise 
kilhiii  Ihe  mek  ll  is  pnssihle  lhal  very  small  npemngs 
lie  (laksteusi  .ilnng  gi.iin  bninnl.n les.  .ini)  mlliieiiee  the 
.lennslii  il.ila  .mil  li.ieline  amsnlrnpv  1 Ins  speeulalinn 
IS  suppniieil  by  Ihe  Ink  I 1 ralms  khieli  siiggesi  ke.ik 
elk'll  gr.iin  bnimil.ii les 

I nr  Ihe  Heiea  S.iiiilsinne,  Ihe  iillr.isnnie  ilal.i  again  ae 
eiiraielv  ileliiie  ihe  beililing  plane  khidi  is  ihe  m.iin 
pi. me  nl  meeh.mieal  anisniinpv  in  ihe  inek  ll  igs  'e  I) 

I ikewisi-  Ihe  velneiiy  .mil  Ihe  alienii.ilinn  ilala  snggesi 


2^? 

ihe  I'Mslenee  n)  ihe  semnil.in  h.ii  hue  .im>nlrn/'\  p.n.i) 
111  In  ilk-  \/  pl.me  \s  Ini  ihe  iin.nl/ile  ihe  mkinli.n- 
lines  111  llie  s.milslnne  .ire  i.iiiilniiily  niieiileil  .irul  ihe 
nihei  l.ibik  I'll  nielli,  nueslig.n -'I  il"  nni  si-eiii  In  be 
nik'iileil  siieli  .IS  In  mllui'iki'  ill  - ulli.isniiie  il.il.i  Sinn- 
l.irlv  Ihi-  iesiilii.il  sii.mi.  .ne  nnl  eninp.ilible  kilh  llie 
nlii.isnnie  il.ii.i 

In  .ill  ihiee  ineks,  iheietnre  llie  nlliasnnie  ilal.i  .leeii- 
i.ileb  ileline  .ill  pl.ines  nl  preleieiilial  h.ieltn.,  kilh  [he 
.illenn.ilinn  il.il.i  lelleiling  snme  nnl  seiisiiive  In  vel- 
neilv  I hese  preilielinns  .ne  b.iseil  nn  ihe  mlei ]'relalinn 
lhal  nneinh.ieliiies  ni  nlliei  p.nli.illy  npen  iliseiini nini- 
lies  inllnenee  ihe  velmines  .iiul  lel.ilive  .mipliluiles  .mil 
eaiise  ihe  li.tclinc  .i/iisnirnp\  ) bin  seeimn  ni'serv.iimiis 
siippnil  ihis  re.isnning  Ini  ihe  gr.mile.  bul  Ihe  sliuly 
laili'il  In  ileli'il  .1  e.iiise  in  ihe  l.ibiie  Inr  .ill  the  Ir.ielure 
Ireiiils  nr  .lemislk  pinpellies  in  ihe  i|iiail/i'e  .mil  sarnl- 
slnne  Minnie  npeinngs  .ilnng  gi.iin  bnnnil.iries  ni.iy 
ilnmin.ile  ihe  li.Kiuie  .mil  .leniisiie  pinperlies  nl  ihese 
rne  ks 

tins  knik  repi esenis  .1  neeess.nv  liisi  step  in  the  de- 
velnpmenl  nl  .1  rnik  mler ing.ilinii  svsiem  snil.ible  in  aid 
in  piedieling  inek  epi.dilv  Ini  i ipid  nnderginnnd  cxe.iva- 
linn  pii'ieels  1 he  lesiills  .ne  eikniu .igmg.  bnl  they  keie 
nbl.iiik'd  III  ill  y inek  .il  .ilmnspheik  pressure  I he 
.ieniislie.il  metllnd  pinb.ibli  kill  lend  in  Inse  snme  nl  its 
lesnlwrig  pnive;  riirnek  m.isses.il  depth  ennlaining  lUiid 
hill'd  meeh.ime.il  disi  nnl  mini  les  II  kill  si  ill  be  nne  nl  the 
besl  melhnils  .iv.iil.ible  hnwevei.  pinuded  ihe  alleels  nl 
mnisluie  anil  w si/ii  stress  .ne  .idei|n.ilely  enrisiilered 

( ()\(  I I MOSS 

M.iini  ennelusiniis  linni  sUidv  nl  nlliasnnie  velneiiv 
.md  .iilenu.itinri.  residn.il  sir.iiii,  l.ibiie.  .ind  li.ietnie  ani- 
snlrnpv  in  blneks  nl  ( haien.il  (ii.mile.  Sinus  <,)n.irl/ile. 
.md  Here. I Sandsinne  aie  .is  Inlinks 

(ll  Ilk'  ullr.isnme  d.ii.i  .leeiii.iU'lv  deline  all  planes  nl 
pielerential  tensile  li.ieline  in  .ill  ihiee  ineks 

(2)1/1  m.issiu'  ineks  siieh  .is  Ihe  gi.iniie  iheie  .ne 
gnnil  genmeliie  .md  pinb.iblv  genelie  enirelalii'iis 
belkeeii  ihe  ullr.isnme  d.il.i.  mil .igi.mul.ir  pi. mar  deleels 
sueh  .IS  miei nli.ieliiies.  gi.im  bnurid.ii les.  ihe  residual 
strains  delei  mined  by  \ i.i\  dilhaelnmeli  v and  the 
nbseived  liaeliiie  .misnlinpv 

I ^1  1 ni  the  ijiiai  l/ile  .md  s.inilslniie,  ineks  k ilh  slrnng 
I'l. in. II  .iiiisnirnpv  lie  beilding).  the  ulliasnnie  vclneilies 
.mil  rel.ime  .impliiudes  ean  nnl  be  expl.imed  by  the 
nl  k'niatinns nl  niiei nliai lures  deleiniined  linm  Ihin  see- 
linn  similes  I he  .ienusiie.il  prnpeiiies  m.iv  be  ennirnlled 
b\  minute  Haws  .ilnng  gr.iin  bnundaiies  in  ihese  ineks 
I he  liven  iding  mlliienee  nl  bedding  also  pinbably  mier- 
leres  kilh  ihe  eni lel.ilinri  belkeen  the  iilli.isnme  .md  \ 
ray  residii.il  sliain  data  sueh  ih.il  nnlv  pailial  enuel.i- 
liniis  evisl.  .11  besl 

(4|  I laeluie  .misnlinpv  in  lhequ.n  l/ilc  nnl  ennirnlled 
by  bedding  is  hilly  ennsisieni  vviili  the  lesidual  stiams 
measured  bv  Xiav  dini.ielinn . hnwever.  llial  m the 
sandsinne  is  .ipp.iienlly  independeni  nl  the  residu.il 
sir. nils 
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Ni  kmmU'4|{vnti*nts  I It.  uH.k\  u>  Ik  stiulicd  |(  l)Hrco<il  ( n.iiuU'  Siou\ 
t/itc  aiul  iWtca  S.iikKltmci  .kuI  I he  matt,  hiiifi  ulli.isoiuc  tiata  aic 
sti|'(>l»c<l  h\  thr  1 S Huroau  Mines.  I vun  I ilics  Nlminji  Kesrarth 
i cnlci  McasuienKnIv  «'♦  residual  elaslit  strains  b>  X ras  dilTiaclo 
nwlts  the  lahru.  ana)\sc>  aiul  the  dctcclum  «»l  truUuK  anisolfttpics 
thiiMigh  pi^mi  itiaJii^^  tests  vscfc  di>ne  m the  l.ilnvialtMics  i>t  the  ( cntci 
for  7i*flom>|>h><icv  t>f  Ocosocnecs  lexasAA-  M I niversilv 

f tsr  their  help  in  nh‘ainin^  these  data  thanks  in  I I Hlanit>n  III 
H 1 Cnnrati  I ( I ttvne  I I)  Dvke.  aiul  I N Magmnrk  This 
ft  search  sfcas  suppttricd  hv  the  \vUaneed  Research  l*in|cets  Agency  t»f 
the  fVpmrimoii  nl  fVfensc  and  vsas  immitnred  hy  the  ilurrau  of  Klines 
( tmiraci  Nn 
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